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INTRODUCTION

One of my research career goals is to decipher a novel cellular pathway which, when perturbed,
leads to the development of breast neoplasms. The proposed research focuses on a unique viral
oncogenic determinant encoded by human adenovirus type 9 (Ad9), a virus that elicits
exclusively mammary tumors in rats. Following infection of newborn rats with Ad9, female
animals develop estrogen-dependent mammary tumors (primarily fibroadenomas) within multiple
mammary glands after a three-month latency period, whereas no tumors of any type form in
infected male rats. In contrast to other adenoviruses, Ad9’s major oncogenic determinant is its
E4 region-encoded open reading frame 1 (9ORF1) transforming protein. Results obtained to date
suggest than the abilities of 9ORF1 to bind a select group of cellular proteins and to activate the
phosphoinositide 3-kinase (PI 3-K)/protein kinase B (PKB) signaling pathway correlate well
with its transforming function. Therefore, studies of this model system may reveal a completely
new route for breast cancer development. The main goal of this project is to elucidate a detailed
molecular model of 9ORF1 oncoprotein function. The two objectives of the proposed work are:
(1) To identify the 9ORF1-associated cellular proteins and (2) To reveal the mechanism whereby
90RF1 activates the PI 3-K/PKB signaling pathway in cells (revised objective).




BODY

TECHNICAL OBJECTIVE 1: Identify the 9ORF1-associated cellular proteins.

As we have succeeded in identifying the four major 9ORF-associated cellular proteins, this
objective is now completed. Manuscripts describing the PDZ proteins MUPP1 and MAGI-1 as
cellular targets of both 9ORF1 and high-risk papillomavirus E6 oncoproteins have recently been
accepted for publication (see Appendices for attached preprints). Additionally, a manuscript
identifying the PDZ protein ZO-2 as a specific cellular target for 9ORF1 is also now in
preparation.

TECHNICAL OBJECTIVE 2 (REVISED): Reveal the mechanism whereby 90ORF1
activates the phosphoinositide 3-kinase (PI 3-K)/protein kinase B (PKB) signaling
pathway in cells.

In the previous annual report, we presented preliminary evidence that 9ORF1 activates the
PI 3-K/PKB signaling pathway (Fig. 1) in cells and that interactions of 9ORF1 with its cellular
PDZ protein targets are required for this activity. In the current annual report, we present
results extending these findings. Our results with 9ORF1 transformation-defective mutant
proteins are summarized in Fig.2. The findings with 9ORF1 proteins having mutations within
C-terminal Region III (the PDZ domain-binding motif) or Regions I and II (unknown functions)
indicate that interactions of 9ORF1 with its PDZ protein targets are necessary, although not
sufficient, for the transforming and tumorigenic potentials of this viral oncoprotein.

The Phosphoinositide 3-Kinase (Pl 3-K)/ * Fig. 1. Illustration summarizing the current model for
Protein Kinase B (PKS) Signaling Pathway activation of the PI 3-K/PKB signaling cascade by growth
factors. In this model, PI 3-K associates with an activated
growth factor receptor at the membrane, where it
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a variety of cellular processes, including apoptosis and cell
cycle progression. The PTEN tumor suppressor protein
antagonizes this signaling pathway by dephosphorylating
the D3 phosphate of D3-phosphoinositides.
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transformation by the Ad9 E4-ORFl
oncoprotein.




To initially show that 9ORF1 activates PKB in cells, we transfected COS7 cells with a 9ORF1
expression plasmid and subsequently measured the activity of PKB in these cells. The results
showed that 9ORF1 activated PKB but not ERK2 in the cells, whereas Ras activated both of
these signaling proteins (Fig. 3).

Fig. 3. Ad9 E4-ORF1 specifically activates PKB in
COS7 cells. (A) COS7 cells on 60 mm dishes were

" I I lipofected with 1.6 pug of pSG5-HAPKB plasmid and 6.4

, pg of either empty GW1 plasmid (vector) or a GWI
T e plasmid expressing wild-type E4-ORF1 or activated
RasV12. Cells serum-starved for 16 h were harvested at
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antibodies and then subjected to an in vitro PKB kinase
e o g e e assay using H2B as substrate (left panel). The right

realonry ez panel shows that similar amounts of HAPKB protein
were used in these in vitro kinase assays. (B) COS7
cells were lipofected with pCEP-HAERK?2 plasmid and
either wild-type E4-ORF1 or activated RasV12 plasmid
and then harvested as described in (A) above. Cell
proteins (200 pg) in lysis buffer were first

immunoprecipitated with a-HA antibodies and then
subjected to an in vitro ERK2 kinase assay using MBP as substrate (Jeft panel). The right panel shows that similar
amounts of HAERK?2 protein were used in these in vitro kinase assays.
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To confirm and extend these findings, we performed similar assays in CREF cell lines stably
expressing wild-type or mutant 9ORF1 proteins. The results showed that wild-type 9ORF1,
but not the transformation-defective mutant 9ORF1 proteins, was able to activate PKB in these
cell lines (Fig. 4). Similar results were obtained after transient expression of these 9ORF1
proteins in CREF cells (Fig. 5). These findings demonstate that the oncogenic potential 9ORF1
is intimately linked to its ability to activate PKB in cells.
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Fig. 5. Impaired PKB activation by Ad9 E4-ORF1

Fig. 4. Impaired PKB activation by Ad9 E4-ORF1
mutants in stable CREF cell lines. (A) Normal CREF cells
or CREF cells stably expressing wild-type or mutant E4-
ORF1 were serum-starved for 16 h. Cell proteins (1 mg) in
lysis buffer were first immunoprecipitated with PKB
antibodies (Upstate) and then subjected to an in vitro PKB
kinase assay using histone 2B (H2B) as substrate.
Phosphorylated H2B was detected by autoradiography and
quantified with a phosphorimager. (B) Similar amounts of
PKB protein were utilized in the in vitro kinase assays
shown in (A) above. (C) The different CREF cell lines
express similar amounts of E4-ORF1 protein.

mutants in transient expression assays in CREF cells.
CREF cells were lipofected with 2 ug of empty GWI1

plasmid (vector) or a GW1 plasmid expressing wild-type
or the indicated mutant E4-ORF1 protein. Cell proteins

(100 pg) in sample buffer were separated by SDS-PAGE
and then immunoblotted with o-phospho-Akt(Ser473)
[(P)ser-PKB], a-Akt, or a-E4-ORF1 antibodies.




Our results with Region III 9ORF1 mutants presented in Figs. 4 and 5 above further suggested
that interactions of 9ORF1 with one or more of the four 9ORF1-associated PDZ proteins is
required for activation of PKB. This finding prompted us to assess whether any of the 9ORF1-
associated PDZ proteins may complex with components of the PI 3-K/PKB signaling-pathway.
One such protein that we examined was the tumor suppressor protein PTEN, which is a lipid
phosphatase that antagonizes PI 3-K in cells (see Fig. 1). Interestingly, like 9ORF1, PTEN has a
PDZ domain-binding motif at its C-terminus. We found that PTEN co-immunoprecipitated with
the 9ORF1-associated PDZ protein MAGI-1 from cell lysates (Fig. 6A). This interaction was
mediated by four of the five MAGI-1 PDZ domains (Fig. 6B). Results with PTEN mutant
V403A having a disrupted PDZ domain-binding motif further indicated that interaction of PTEN
with three of the MAGI-1 PDZ domains (PDZ2, PDZ3, PDZ5) was dependent on the PTEN
PDZ domain-binding motif whereas interaction of PTEN with MAGI-1 PDZ4 did not require
this motif (Fig. 6B). The latter observation is likely to be the reason that the PTEN-V403A
mutant retained approximately wild-type binding to MAGI-1 in co-immunoprecipitation assays
(see Fig. 6A).

A. COS7 extracts | IP with a-HA B Pulldown with
HA-MAGI-1 e P— . . b H .
Transfected + + +]+ + + GiT MAGI-1 PDZ fusion proteins
plasmids: PTEN| - + - + ~-|- + - + - Cos7 & |Poz1] Poz2| poz3| PDZ4 | PDZS
PTEN-V403A] - - 4 - +]- - 4 - 4 _ﬁ_“m‘”
Transfected VECIOor] + = -f- =fb = o+ = o ==+ =+ - -
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Fig. 6. PTEN binds to MAGI-1. (A) COS7 cells were transfected with an HA-MAGI-1 expression plasmid and a plasmid
expressing either wild-type PTEN or mutant PTEN-V403A, which has a disrupted PDZ domain-binding motif. Cell

proteins were immunoprecipitated with o-HA antibodies and then immunoblotted with the same antibodies or o-PTEN
antibodies. (B) COS7 cells were transfected with a plasmid expressing either wild-type PTEN or mutant PTEN-V403A, and
cell proteins were subjected to pulldown assays using GST fusion proteins containing each of the five MAGI-1 PDZ
domains. These assays revealed that wild-type PTEN binds four of five MAGI-1 PDZ domains. Results with PTEN-V403A
further show that the PDZ domain-binding motif of PTEN mediates binding to three such MAGI-1 PDZ domains.

In an attempt to specifically link the interaction between 9ORF1 with MAGI-1 to the ability of
this viral oncoprotein to activate PKB in cells, we examined the consequences of MAGI-1
protein over-expression on 9ORF1-induced PKB activation. The results showed that
overexpression of two different wild-type isoforms of MAGI-1, 1b and lc, were able to block
activation of PKB by 9ORF1 in CREF cells (Fig. 7). This effect was specific as MAGI-1
mutant APDZ1&3, which fails to bind 9ORF1, was unable to diminish PKB activation by

90RF1 in these assays.

yalREF cells Fig. 7. Overexpression of MAGI-1 diminishes E4-ORF1-

vestor[ - - - - induced PKB activation. CREF cells were lipofected with

HAMAGLI [ 0.2 ug of GW1-E4-ORF1 plasmid and 3 pg of either empty
] B GWT1 plasmid or a GW1 plasmid expressing wild-type HA-
=]« (P)ser-PKB MAGI-1b isoform, wild-type HA-MAGI-Ic isoform, or

- PKB mutant HA-MAGI-1bAPDZ1/3 (APDZ1/3), which fails to

- ] HA-MAGI-1 bind to the E4-ORF1 protein. Cells lipofected with 3 ug
é«—ewnm of empty GW1 plasmid (vector) were included as a

negative control. Cell proteins (100 pug) in sample buffer
were immunoblotted with o-HA, o-phospho-Akt(Ser473),
«a-Akt, or a-E4-ORF1 antibodies.




From the results presented in this annual report, we postulate that MAGI-1 is an essential
co-factor for PTEN and that activation of PI 3-K/PKB signaling by E4-ORF1 is due in part to
its ability to inactivate this PDZ protein in cells.

Proposed Revised Statement of Work (SOW) for Final Year of Grant

(I am currently attempting to get approval for these SOW changes)

Technical

Objective 2: Reveal the mechanism whereby 9ORF1 activates the

phosphoinositide 3-kinase (PI 3-K)/protein kinase B (PKB) signaling pathway in cells.

Task 6:

Task 7:

Task 8:

Task 9:

Task 10:

Months 36-48: Determine whether MAGI-1 and other 90ORF1-associated
proteins enhance the function of PTEN in cells.

Months 36-48: Assess whether the interaction of 9ORF1 with MAGI-1 blocks
the function of PTEN.

Months 36-48: Determine whether 9ORF1 can activate PKB in PTEN" cells.
Months 36-48: Assess whether 9ORF1 activates PI 3-K in cells.

Months 36-48: Test whether 9ORF1 activates signaling proteins both upstream
and downstream of PKB.




Key Research Accomplishments

The Ad9 E4-ORF1 oncoprotein, which promotes mammary tumors in
animals, selectively and potently activates the phosphoinositide 3-kinase
(PI 3-K)/protein kinase B (PKB) signaling pathway in cells.

Stimulation of PI 3-K/PKB signaling by E4-ORF1 is intimately associated
with its ability to transform cells in vitro and to promote mammary tumors
In vivo.

Activation of PI 3-K/PKB signaling by E4-ORF1 is also dependent on its
interactions with cellular PDZ proteins, most notably MAGI-1.

MAGI-1 forms a complex with the PTEN tumor suppressor protein, a lipid
phosphatase that antagonizes PI 3-K in cells.

These findings suggest that Ad9 E4-ORF1 stimulates the PI 3-K/PKB
signaling pathway by a novel mechanism of action.
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Conclusions

Although the functions of the Ad9 E4-ORFl-associated PDZ proteins are not cuurently
known, the domain structures of these polypeptides suggest that they function as adaptor
proteins in cell signaling. In light of this observation, we tested here whether E4-ORF1
activates any known signaling pathways. Our results indicated that the tumorigenic potential
of E4-ORF1 is intimately linked to its ability to activate the phosphoinositide 3-kinase
(PI 3-K)/protein kinase B (PKB) signaling pathway in cells. Other results further showed that
the capacity of wild-type E4-ORF1 to stimulate this signaling pathway can be blocked either
by disruption of its PDZ domain-binding motif or by overexpression of the E4-ORF1-
associated PDZ protein MAGI-1. These findings argue that activation of PI 3-K/PKB
signaling by the Ad9 E4-ORF1 oncoprotein depends on its ability to complex with MAGI-1,
and perhaps also with other E4-ORF1-associated cellular PDZ proteins. Significantly, we also
showed that MAGI-1 forms a complex with the tumor suppressor protein PTEN, a lipid
phosphatase that antagonizes PI 3-K/PKB signaling in cells.

“So What Section”

Our results suggest that MAGI-1 may be an essential co-factor for tumor suppressor protein
PTEN and that activation of PI 3-K/PKB signaling by E4-ORF1 may be due in part to its
ability to inactivate this PDZ protein in cells. Therefore, studies of the Ad9 E4-ORF1
oncoprotein are expected to reveal novel mechanisms for disregulating PI 3-K/PKB signaling in
cells. Such findings would be significant considering that uncontrolled stimulation of this
signaling pathway is associated with the development of a wide range of human malignancies,
including breast cancer.
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HPYV E6 targeted degradation of the discs large protein: evidence for the

involvement of a novel ubiquitin ligase

David Pim', Miranda Thomas', Ron Javier?, Daniela Gardiol®> and Lawrence Banks*"!
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Virology, Baylor College of Medicine, One Baylor Plaza, Houston, Texas, TX 77030, USA; *Instituto de Biologia Molecular y
Celular de Rosario, Departamento de Microbiologia, Facultad de Ciencias Bioguimicas, Suipacha 531, 2000 Rosario, Argentina

The Discs Large (DLG) tumour suppressor protein is
targeted for ubiquitin mediated degradation by the high
risk human papillomavirus (HPV) E6 proteins. In this
study we have used a mutational analysis of E6 in order
to investigate the mechanism by which this occurs. We
first show that the differences in the affinities of HPV-16
and of HPV-18 E6 proteins for binding DLG is reflected
in their respective abilities to target DLG for degrada-
tion. A mutational analysis of HPV-18 E6 has enabled us
to define regions within the carboxy terminal half of the
protein which are essential for the ability of E6 to direct
the degradation of DLG. Mutants within the amino
terminal portion of E6 which have lost the ability to bind
the E6-AP ubiquitin ligase, as measured by their ability
to degrade p53, nonetheless retain the ability to degrade
DLG. Significant levels of DLG degradation are also
obtained using wheat germ extracts which lack E6-AP.
Finally, we show that the transfer of the DLG binding
domain onto the low risk HPV-6 E6 confers DLG binding
activity to that protein and, meost significantly, allows
HPV-6 E6 to target DLG for degradation. These results
indicate that E6 mediated degradation of DLG does not
involve the E6-AP ubiquitin ligase and, in addition, shows
that the high and low risk HPV E6 proteins most likely
share a common cellular intermediary in the ubiquitin
pathway. Oncogene (2000) 19, 719-725.

Keywords: HPV E6; DLG; ubiquitin

Introduction

Human Papillomaviruses (HPVs) are the principal
actiological agent of cervical cancer (zur Hausen and
Schneider, 1987; zur Hausen, 1991). The two viral
types most frequently found in cervical tumours, HPV-
16 and HPV-18, encode two oncoproteins, E6 and E7,
which are largely responsible for the viruses’ malignant
potential. Both E6 and E7 interact with key compo-
nents of the cellular regulatory machinery, in particular
with the tumour suppressor proteins p53 and pRb
respectively (Werness et al., 1990; Dyson et al., 1989).
Although both E6 and E7 are retained and continually
expressed in cervical tumours and derived cell lines
(Schwarz et al., 1985; Smotkin and Wettstein, 1986;
Androphy et al., 1987; Banks et al., 1987), and both
will co-operate with cellular oncoproteins in a variety
of transformation systems (Matlashewski et al., 1987;
Pim et al., 1994), there is now growing evidence that it

*Correspondence: L Banks
Received 6 September 1999; revised 12 November 1999; accepted
23 November 1999

is the E6 protein that contributes most significantly to
the malignant potential of the virus (Hiraiwa et al.,
1993; Song et al., 1999). A major feature of the E6
proteins derived from the high-risk virus types is their
ability to target cellular proteins for ubiquitin mediated
degradation. This was first shown for p53, where the
cellular protein E6-AP and E6 together function as an
E3 ubiquitin ligase for the degradation of p53 (Werness
et al., 1990; Scheffner et al.,, 1990; Huibregtse et al.,
1991, 1993). Although this activity of E6 is likely to
play a role during the development of cervical tumours,
it is clear that other functions of the E6 proteins are
required for malignant progression. Several mutants of
E6 have now been described which have lost the ability
to interact with pS53 but have retained the ability to
transform cells (Pim et al., 1994; Ishiwatari et al., 1994;
Nakagawa et al., 1995; Inoue et al., 1998). However,
recent studies have defined a new cellular target of the
high risk E6 proteins, the discs large (DLG) tumour
suppressor protein, interaction with which would
appear to be absolutely required for E6’s transforming
activity (Kiyono et al., 1997).

The DLG protein belongs to a family of proteins
called MAGUKs (membrane associated guanylate
kinase homologues) (Lue et al., 1994; Muller et al.,
1995). These proteins are characterized by having
several PDZ domains, repeated throughout the length
of the protein, which function as specific protein
recognition motifs (Ponting and Phillips, 1995; Saras
and Heldin, 1996; Kim, 1997; Kim et al, 1998).
Indeed, it is through interaction with these PDZ
domains that the HPV-16 and HPV-18 E6 proteins
can interact with DLG (Lee et al., 1997; Kiyono et al.,
1997; Gardiol et al., 1999). Little is known about the
functions of the mammalian DLG protein as most of
the studies to date have been performed on the
Drosophila equivalent. Such studies have shown that
knockout of the dlg-1 locus is lethal, and a character-
istic of these mutations is uncontrolled cell prolifera-
tion and loss of cell polarity (Woods et al., 1996;
Goode and Perrimon, 1997). Mammalian DLG is
expressed in a variety of cell types, including epithelia
where it has been shown to be located at regions of
cell—cell contact (Lue et al., 1994), and has been found
in complex with the Shaker channel 4.1 protein and the
tumour suppressor protein, APC (Kim et al., 1995;
Marfatia et al., 1996; Matsumine et al., 1996). Taking
these data together, it is likely that DLG plays an
intimate role in the processes that regulate cell polarity
and cell growth in response to cell contact.

Recent studies have shown that tumours induced by
E6 in transgenic animals are considerably more
aggressive than those induced by E7 (Song et al,
1999). In addition, mutational analysis of E6 indicates
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that the association with DLG is critical for its
transforming activity in rodent cells (Kiyono et al.,
1997). More recently, we have shown that high risk E6
proteins can also target DLG for ubiquitin mediated
degradation (Gardiol et al., 1999). Degradation of p53
by E6 is known to involve the cellular ubiquitin ligase,
E6-AP (Huibregtse et al., 1991, 1993); however it is
presently not known how E6 targets DLG for
degradation. In order to address this question we have
made use of a panel of HPV-18 E6 mutant proteins.
We show that the regions of E6 that are required for
degradation of DLG are distinct from those required
for the degradation of p53. Using a series of chimaeric
E6 molecules we have been able to show that the bulk
of the activity lies within the carboxy terminal half of
the E6 protein. We also show that the last seven amino
acids of HPV-18 E6 (which include the DLG binding
motif), when fused to the carboxy terminus of the low
risk HPV-6 E6, will enable HPV-6 E6 to interact with
DLG and, most significantly, will allow HPV-6 E6 to
target DLG for degradation. These results demonstrate
that the mechanism by which HPV E6 proteins target
DLG for degradation most likely does not involve E6-
AP. They also show that the E6 proteins from low risk
HPV types can also interact with components of the
ubiquitin pathway and suggests that their, as yet
unidentified, substrate proteins may also be targets
for ubiquitin mediated degradation.

Results

HPV-18 E6 binds DLG more strongly than HPV-16 E6

Previous studies had shown that sequences in the
extreme carboxy terminus of HPV-16 and HPV-18 E6
were responsible for binding to the PDZ domains of
DLG (Lee et al., 1997; Kiyono et al., 1997). In the case
of HPV-16 E6 this appeared to require PDZ domain 2
(Kiyono et al., 1997), whereas HPV-18 E6 was shown
to be capable of binding independently to any of the
PDZ domains 1, 2 or 3 (Gardiol et al., 1999). This
difference was believed to be related to the difference in
the consensus PDZ binding motif between HPV-16 and
HPV-18 E6. In order to directly compare the relative
binding affinities of HPV-16 and HPV-18 E6 proteins
for DLG, we first performed a GST pull down assay
using GST-DLG and in vitro translated HPV-16 and
18 E6 proteins; GST-p53 was also included for
comparison. The results are shown in Figure la. It is
clear that while HPV-16 E6 binds somewhat more
strongly to p53 than HPV-18 E6, which is in agreement
with previous observations (Werness er al, 1990;
Scheffner et al., 1990), HPV-18 E6 binds to DLG
significantly more strongly than HPV-16 E6. To
determine whether this is reflected in their respective
abilities to degrade DLG, in vitro and in vivo
degradation assays were then performed and the results
are shown in Figure 1b,c respectively. As can be seen
in both in vitro and in vivo assays HPV-18 E6 induces
significantly greater degradation of DLG than HPV-16
E6. Therefore, these results confirm the previous
supposition that HPV-18 E6 indeed has a stronger
affinity for DLG than HPV-16 E6, and demonstrate
that this is reflected in their respective abilities to target
DLG for degradation.
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Figure 1 HPV-18 E6 interacts with DLG more strongly than
HPV-16 E6. (a) In vitro translated HPV-16 and HPV-18 E6
proteins were used in GST-pull down assays with GST-DLG.
GST-NTDLG, which lacks the PDZ binding domains, was used
as a negative control and GST-p53 was used as a positive control.
The lower panel is the Coomassie stained gel and shows equal
levels of GST fusion protein loading for each pair of
comparisons. The right-hand panel shows equal levels of input
E6 proteins. Percentage recoveries were as follows: GST-NT DLG
< 1% 16E6 or 18E6; GST-DLG 37% 16E6, 82% 18E6; GST-p53
30% 16E6, 24% 18E6. (b) HPV-18 E6 induces a faster
degradation of DLG than HPV-16 E6 in vitro. In vitro translated
DLG was incubated, either alone or with HPV-16 or HPV-18 E6
at 30°C for 0, | or 2 h. The remaining DLG was detected by
immunoprecipitation and autoradiography. (¢) HPV-18 Eé6
degrades DLG more efficiently than HPV-16 E6 in vivo. U208
cells were transfected with 3 ug of the DLG expression plasmid
together with 0.5, | and 3 ug of either the HPV-16 or HPV-18 E6
expression plasmids as indicated. After 24 h cells were harvested
and remaining DLG ascertained by Western blot analysis

Sequences in the carboxy terminal half of E6 are required
for the degradation of DLG

Previous studies have defined the regions of E6
required for the binding and degradation of p53




(Crook et al., 1991; Pim et al., 1994; Li and Coffino,
1996). In order to determine whether similar regions of
E6 were also involved in the degradation of DLG we
made use of a previously characterized panel of HPV-
18 E6 mutant proteins (Pim et al., 1994) and these are
shown schematically in Figure 2. Degradation assays
were performed both in vitro and in vivo and the results
obtained are shown in Figures 3 and 4 respectively. As
can be seen, the regions of E6 required for the
degradation of DLG encompass large portions of the
E6 protein with, in particular, the region from amino
acid 101 to amino acid 130, as defined by mutants AE,
AF and AG, being particularly important both in vitro
and in vivo. As can be seen from Figure 2, these
mutations lie well outside the core DLG binding motif
which is located at the extreme carboxy terminus of the
E6 protein (residues 155-158). Interestingly, mutant
AH (A144-149) which lacks six amino acid residues
immediately prior to the DLG binding motif, and thus
brings the motif closer to the carboxy terminal loop,
has no effect on the ability of E6 to degrade DLG,
indicating that the spacing between the putative zinc
finger and the DLG binding domain is not an
important aspect of this activity. Most interesting are
the results with the three amino terminal mutants of
E6: M2 (R10S, P11G), AM (A28-31) and AA (A47-
49). Both M2 and AA are defective with respect to
their ability to induce p53 degradation (Pim et al.,
1994; Gardiol and Banks, 1998; see also Figure 5c), yet
both are active with respect to DLG. Although the AA
mutant is defective in vitro, it is interesting to note that
it is active in vivo, suggesting significant differences
between the two assay systems. This is consistent with
previous observations which indicated that this was
also the case with p53 degradation assays (Foster et al.,
1994; Crook et al., 1996; Gardiol and Banks, 1998).
Significant levels of DLG degradation were also
obtained with the AM mutant which has been shown
previously to be greatly reduced in its ability to bind
E6-AP (Pim and Banks, 1999). Taken together, these
studies demonstrate that the mechanism by which E6
targets DLG for degradation is separate from that used
to target p53.

To further investigate any potential role for E6-AP
in E6 mediated degradation of DLG we performed in
vitro degradation assays using proteins translated in
wheat germ extracts which lack any E6-AP (Huibregtse
et al., 1991). The results obtained are shown in Figure
5. As can be seen, both DLG and p53 are efficiently
degraded by HPV-18 E6 when translated using rabbit

Figure 2 Schematic diagram showing the location of the
mutations in HPV-18 E6 used in this study: ANT (A4-7), M2
(R10S, P11G), AM (A28-31), AA (A47-49), AE (A101-104), AF
(A113-117), AG (A126-130), AH (A144-149) For comparison
the position of the core DLG binding domain is also shown
(residues 155-158)
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Figure 3 Mutational analysis of the regions of HPV-18 E6
involved in inducing the degradation of DLG in vitro. In vitro
translated DLG was incubated in the presence of the wild type
(wt) and mutant HPV-18 E6 proteins for 1 or 2 h as indicated.
The remaining DLG was then ascertained by immunoprecipita-

tion followed by SDS—PAGE and autoradiography. The lower
panel shows the inputs of the mutant E6 proteins

18 E6

C DLG WT M2 ANT AM AA AE AF AG
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Figure 4 Mutational analysis of the regions of HPV-18 E6
involved in inducing the degradation of DLG in vivo. U20S cells
were transfected with 3 ug of the DLG expression plasmid
together with 3 ug of the wild type (WT) and mutant HPV-18 E6
expression plasmids. After 24 h the cells were harvested and
residual DLG ascertained by Western blot analysis. Lane C
represents control transfected cells

reticulocyte lysate. In contrast, when wheat germ
extracts are used, no degradation of p53 is obtained
whereas there is still a significant reduction in the levels
of DLG. These results further demonstrate that E6
induced degradation of DLG can occur in the absence
of E6-AP.

Low risk E6 proteins also target cellular proteins for
ubiquitin mediated degradation

To further define the mechanism by which the HPV E6
proteins target DLG for degradation we generated a
number of chimaeric E6 proteins. Previous studies had
shown that both the amino terminal and carboxy
terminal halves of the high risk E6 proteins were
required for the degradation of p53 (Crook et al., 1991;
Pim et al., 1994; Li and Coffino, 1996). In particular,
the use of HPV-6 and HPV-16 E6 chimaeric proteins
showed that sequences in the carboxy terminal half of
E6 were largely responsible for binding p53, whereas
sequences in the amino terminal half of E6 were
responsible for degradation (Crook et al, 1991).
However we were particularly interested in determining
how these chimaeric proteins would behave with
respect to DLG, especially since the HPV-6.16 E6
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Figure 5 Comparison of HPV-18 E6 induced degradation of
DLG in rabbit reticulocyte lysate and wheat germ extracts. HPV-
18 E6, pS3 and DLG were translated in wheat germ extract
(WGE) or rabbit reticulocyte lysate (RRL). The proteins were
then mixed in the combinations indicated and incubated at 30°C
for the times shown. The remaining p53 and DLG was
ascertained by immunoprecipitation followed by PAGE and
autoradiography. The upper panel shows the DLG degradation
assay and the lower panel shows the p53 degradation assay

chimaera, which comprises the N-terminal 60 amino
acids from HPV-6 E6 and the C-terminal 92 amino
acids from HPV-16 E6 (Crook et al., 1991), should
have all the necessary sequences required for binding
DLG. We first performed in vivo degradation assays
with the HPV-16.6 and HPV-6.16 E6 chimaeric
proteins, and the results obtained are shown in Figure
6a. As can be seen, the HPV-16.6 E6 chimaera which
comprises the N-terminal 59 amino acids from HPV-16
E6 and the C-terminal 90 amino acids from HPV-6 E6,
has only a modest effect on the levels of DLG. In
contrast, the HPV-6.16 E6 chimaera is as effective as
HPV-16 E6 in targeting DLG for degradation. This is
in marked contrast to the effects of these chimaeric
proteins on p53 steady state levels which are shown in
Figure 6c, where neither protein is capable of
degrading p53, and agrees with previous observations
(Foster et al., 1994; Li and Coffino, 1996). To further
elucidate the mechanism by which DLG was being
degraded by E6, we then constructed three smaller
chimaeric E6 molecules. These consisted of an HPV-6
E6 backbone with the last 18 amino acids from HPV-
18 E6, and the last seven amino acids of HPV-18 E6 or
the last eight amino acids of HPV-16 E6 added on to
the end of the HPV-6 E6 protein. The reasoning being
that, since the HPV-6.16 E6 chimaera could degrade
DLG we wished to determine whether the PDZ
consensus binding motif alone was sufficient to confer
binding, and secondly whether low risk E6 proteins
had any significant capacity to target cellular proteins
for degradation. The results obtained are also shown in
Figure 6a and, strikingly, show that addition of just the
last seven or eight amino acids of either HPV-18
(6.185) or 16 E6 (6.165) onto the carboxy terminus of
HPV-6 E6 results in that protein being capable of
degrading DLG in vive. Addition of a further 12
residues onto HPV-6 E6 from HPV-18 E6 (6.18) did
not appear to significantly increase the degradation
efficiency. Parallel assays were performed on p53 and,
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Figure 6 Addition of the extreme carboxy terminal region of
HPV-18 E6 onto HPV-6 E6 confers DLG binding and
degradation. (a) U20S cells were transfected with 3 ug DLG
expression plasmid together with 3 ug of either the wild type or
chimaeric E6 expression plasmids as indicated. After 24 h the cells
were harvested and residual DLG was ascertained by Western
blot analysis. (b) GST pull down assay of in vitro translated DLG
with HPV-6 E6, HPV-18 E6, HPV-6.18, (HPV-6 E6 plus the
carboxy terminal 19 amino acids of HPV-18 E6) and HPV-6.18g
(HPV-6 E6 plus the carboxy terminal 7 amino acids of HPV-18
E6) GST fusion proteins as indicated. Bound DLG was
ascertained by SDS-PAGE and autoradiography. The upper
panel shows the Coomassie stain of the same gel and shows equal
levels of loading of the HPV-6 E6 based GST fusion proteins. (¢)
Saos-2 cells were transfected with 4 ug of p53 expression plasmid
together with 5 ug of the indicated E6 expression plasmids. After
24 h the cells were harvested and remaining p53 ascertained by
Western blot analysis

as can be seen from Figure 6c, none of these chimaeric
proteins could target p53 for degradation. In order to
verify that the addition of the last seven amino acids of
HPV-18 E6 onto HPV-6 E6 did indeed confer DLG
binding activity, we performed a GST pull down assay
with in vitro translated DLG. As can be seen from
Figure 6b, HPV-6 E6 is completely defective with
respect to binding DLG, yet addition of the PDZ
binding domain from HPV-18 E6 confers complete
binding.

In order to overcome any potential problems
associated with differences in the levels of protein
expression in vivo, the degradation assay was performed
with HPV-6 E6 and the HPV-6.18g chimaera in vitro. The
results obtained are shown in Figure 7. As can be seen,




HPV-6 E6 has no effect upon DLG levels over the course
of the assay whereas the HPV-6.18g chimaera induces
almost complete degradation of DLG over the same
period of time. Taken together, these results demonstrate
that the low risk HPV E6 proteins also interact with a
component of the ubiquitin pathway and can be induced
to bring about the degradation of a cellular target
protein. Since these low risk HPV E6 proteins only have
a very low affinity for E6-AP (Scheffner er al., 1990,
1993), this activity must be mediated by another, as yet
unknown, ubiquitin ligase and this points to another
potential target for therapeutic intervention in HPV
induced disease.

Discussion

The DLG tumour suppressor protein is intimately
involved in processes regulating cell growth in response
to external stimuli and cell contact. The demonstration
that DLG is regulated by the ubiquitin pathway, which
in turn can be used by the high risk E6 proteins, has
important implications for the role of this interaction
in the development of cervical cancer (Gardiol et al.,
1999). In this study we have continued to investigate
the mechanism by which E6 induces the degradation of
DLG. We show that this activity of E6 is independent
of its association with p53 and rule out a direct
involvement of the E3 ubiquitin ligase, E6-AP. Rather,
the demonstration that the low risk E6 proteins can
also target DLG for degradation following the addition
of a binding site, together with the demonstration that
HPV-18 E6 can degrade DLG in wheat germ extracts,
indicates the involvement of another, as yet unknown
ligase.

Previous studies had suggested that the mechanism of
interaction between HPV-16 and HPV-18 E6 proteins
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Figure 7 HPV-6.185 induced degradation of DLG in vitro. In
vitro translated DLG was incubated, either alone or with HPV-18
E6, HPV-6 E6 or the HPV-6.185 chimaera at 30°C for 0, 1l or2 h
as indicated. The remaining DLG was detected by immunopre-
cipitation and autoradiography. The lower panel shows the inputs
of the E6 proteins used
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with DLG was somewhat different. HPV-16 E6 was
reported to require PDZ domain 2 on DLG (Kiyono et
al., 1997), whereas HPV-18 E6 was shown to bind
independently to PDZ domains 1, 2 or 3 (Gardiol et al.,
1999); although different assay systems were used in these
two studies. Preliminary studies had also suggested that
HPV-18 E6 could more readily target DLG for
degradation in vivo (Gardiol et al., 1999). In order to
verify whether this was indeed the case, a series of
comparative binding assays were performed which
showed that HPV-18 E6 does indeed bind DLG more
strongly than HPV-16 E6. This increased level of
interaction is also reflected in a higher level of induced
degradation both in vitro and in vivo. This contrasts
markedly with the E6-p53 interaction where HPV-16 E6
has consistently been shown to bind and degrade p53
more effectively than HPV-18 E6 (Werness et al., 1990;
Scheftner et al., 1990). It is interesting at this point to
speculate whether the increased activity of HPV-18 with
respect to DLG may be reflected in any pathological
outcomes of infection. Certainly, there is an extensive
literature which indicates that HPV-18 is generally more
active than HPV-16 in a variety of transformation assays
(Barbosa and Schlegel, 1989; Villa and Schlegel, 1991). In
addition, there are also several reports which indicate
that HPV-18-containing cervical tumours have a more
aggressive phenotype and are also more prone to
recurrence than HPV-16-containing tumours (Barnes et
al., 1988; Kurman et al., 1988; Burnett et al., 1992; Zhang
et al., 1995). Since the only biochemical activity of HPV-
18 which correlates with this trend, so far, is the increased
activity of E6 with respect to DLG, it is tempting to
speculate that it is this association which is critical for the
malignant progression of HPV induced tumours.

HPV E6 induced degradation of p53 requires the
interaction with the cellular ubiquitin ligase E6-AP
(Huibregtse et al., 1991, 1993). Extensive mutational
analysis of E6 indicates that this binds to the amino
terminal region of the E6 protein and that only the E6
proteins of high risk HPV types can interact to any
significant degree (Huibregtse et al., 1991; Pim et al.,
1997). In this study we have used a well-defined panel
of E6 mutants (Pim et al., 1994; Pim and Banks, 1999)
to investigate the requirements for E6 induced
degradation of DLG. It is clear that sequences that
are essential for p53 degradation, as defined by
mutants M2 (R10S, P11G), AM (A28-31) and AA
(A47-49) which lie within the amino terminal half of
the E6 protein, are largely dispensable for the
degradation of DLG. This broadly covers the region
of E6 which is required for high affinity binding to p53
via E6-AP (Li and Coffino, 1996) and is the first line of
evidence that suggests that E6-AP is not involved in
the degradation of DLG. In contrast, mutants within
the carboxy terminal half of E6, which had previously
been shown to be involved in basic binding to p53
(Crook et al., 1991; Li and Coffino, 1996), as defined
by mutants AE (A101-104), AF (A113-117) and AG
(A126-130), were however found to be required for E6
induced degradation of DLG, again suggesting a lack
of E6-AP involvement. It should be emphasized that
these mutants are well clear of the DLG binding motif
located at residues 155-158. In addition, it is worth
noting that the AH (144-149) mutation, although
much closer to the DLG binding site, has no
deleterious effect upon E6 induced degradation of
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DLG. Further evidence for a lack of E6-AP involve-
ment also comes from the degradation assays per-
formed in the wheat germ extract. This system lacks
any E6-AP (Huibregtse et al., 1991), yet HPV-18 E6 is
still capable of inducing DLG degradation, albeit not
as efficiently as in the rabbit reticulocyte lysate. This is
in marked contrast to p53, where no degradation is
obtained in the wheat germ system. Obviously we
cannot formally rule out a role for E6-AP in vivo,
however the above results strongly suggest the
involvement of at least one other as yet unknown,
ubiquitin ligase in E6 mediated degradation of DLG.

We then proceeded to investigate the potential of
low risk HPV E6 proteins to interact with the ubiquitin
pathway by the use of a chimaeric analysis, a summary
of which is shown in Figure 8. Clearly the HPV-6.16
E6 chimaera is capable of directing DLG degradation
but the HPV-16.6 E6 chimaera is not; this however
could merely be a reflection of lack of binding to DLG
with the 16.6 E6 protein. However, addition of just
seven amino acids from the carboxy terminus of HPV-
18 E6 onto the carboxy terminus of HPV-6 E6 allows
that protein to bind DLG. Most strikingly, the HPV-
6.18s E6 chimaera can then target DLG for degrada-
tion. Since HPV-6 E6 is reported to be largely defective
for binding E6-AP this would also appear to rule out
any involvement of E6-AP in E6 mediated degradation
of DLG. The second important point to be taken from
these studies is that this demonstrates that the low risk
HPV E6 proteins will also interact with a component
of the ubiquitin system. It seems extremely likely that
this is the same protein that is being used by the high
risk E6 proteins to degrade DLG. It now remains to be
determined whether this ligase is also responsible for
regulating DLG levels in the absence of E6, and which
cellular proteins are normally targeted by the low risk
viral E6 proteins.
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Figure 8 Schematic diagram showing the nature of the
chimaeric HPV E6 proteins and their activity with respect to
degradation of p53 and DLG. Filled in portions represent HPV-
16 E6 derived sequences, open portions represent HPV-6 E6
derived sequences and hatched portions represent HPV-18 E6
derived sequences
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Materials and methods

Cells and tissue culture

Human Saos-2 and U20S cells were grown in DMEM with
10% foetal calf serum. All the transfections were carried out
using the calcium phosphate precipitiation procedure, as
described previously (Matlashewski et al, 1987), and
transfection efficiencies were monitored by performing
parallel B-galactosidase assays.

Plasmids

Plasmids for expressing DLG in vivo and in vitro have been
described previously (Lee et al., 1997; Gardiol et al., 1999).
For GST fusion protein production, DLG and NT-DLG
were cloned into pGEX 2 and have also been described
previously (Lee et al., 1997, Gardiol et al., 1999).

The HPV-18 E6 mutants used in this study were ANT
(A4-T), M2 (RI0S, P11G), AM (A28-31)), AA (A47-49),
AE (A101-104), AF (A113-117), AG (A126-130) and AH
(A144—149) and have been described previously (Pim et al.,
1994; Pim and Banks, 1999). The wild type and mutant E6s
were cloned into pSP64 for in vitro expression and into
pCDNAS3 for in vivo expression (Pim et al., 1994; Gardiol
and Banks, 1998). The two chimaeric constructs, HPV-16.6
E6 and HPV-6.16 E6 have been described previously (Crook
et al., 1991), but were subcloned into pCDNA-3 for this
study. The HPV-6.18;, HPV-6.185 and HPV-6.165 chimaeras
(shown schematically in Figure 7) were produced by PCR
amplification and cloned into pCDNA-3 and pGEX-2T and
were verified by DNA sequencing.

GST fusion protein binding assays

The in vitro binding assays were performed as described
previously (Thomas et al., 1995; Gardiol et al., 1999), and
bound proteins were washed extensively in PBS containing
1% NP40 before analysing on SDS-PAGE and autoradio-
graphy.

Degradation assays

For the in vitro assays, proteins were translated using either
the TNT coupled rabbit reticulocyte lysate or wheat germ
extract systems (Promega) as indicated in the text according
to the manufacturer’s instructions, in the presence of [*°S)-
cysteine. The translated E6 proteins were then quantitated by
Phospholmager analysis, and equal amounts of wild type and
mutant E6 proteins were added to a constant amount of in
vitro translated DLG. Following incubation of the E6
proteins with DLG for 1 or 2 h, the remaining DLG was
assessed by immunoprecipitation with an antibody raised
against the GST-NT.DLG fusion protein (Lee et al., 1997),
followed by SDS—PAGE and autoradiography. The in vivo
degradation assays for p53 and DLG were performed as
described previously (Gardiol and Banks, 1998; Gardiol et
al., 1999).
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Abstract

The oncoproteins of DNA tumor viruses promote tumorigenesis by complexing with
cellular factors intimately involved in the control of cell proliferation. The major oncogenic
determinants for human adenovirus type 9 (Ad9) and high-risk human papillomaviruses (HPV)
are the E4-ORF1 and E6 proteins, respectively. These seemingly unrelated viral oncoproteins
are similar in that their transforming activities in cells depend, in part, on a carboxyl-terminal
PDZ domain-binding motif which mediates interactions with the cellular PDZ-protein DLG.
Here we demonstrated that both Ad9 E4-ORF1 and high-risk HPV E6 proteins also bind to the
DLG-related PDZ-protein MAGI-1. These interactions resulted in MAGI-1 being aberrantly
sequestered in the cytoplasm by the Ad9 E4-ORF1 protein or being targeted for degradation by
high-risk HPV E6 proteins. Our findings éuggest that MAGI-1 is a member of a select group of
cellular PDZ proteins targeted by both adenovirus E4-ORF1 and high-risk HPV E6 proteins and,
in addition, that the tumorigenic potentials of these viral oncoproteins are determined, in part, by

their ability to inhibit the function of MAGI-1 in cells.




Introduction

Human adenoviruses are associated primarily with respiratory, gastrointestinal, and eye
infections in people but, in rodents, some of these viruses have the capacity to induce tumors
(Shenk, 1996). Based on the types of tumors elicited and the oncoproteins that determine their
tumorigenicity, two different classes of oncogenic human adenoviruses can be distinguished.
Human adenoviruses from subgroups A and B induce primarily undifferentiated sarcomas at the
site of injection, and the tumorigenic potential of these viruses solely depends on their nuclear
E1A and EIB transforming proteins (Shenk, 1996). In contrast, subgroup D human adenovirus
type 9 (Ad9) generates exclusively estrogen-dependent mammary tumors (Javier et al., 1991),
and the tumorigenic potential of this virus relies on its cytoplasmic Ad9 E4-ORF1 (9ORF1)
transforming protein (Javier, 1994; Thomas ef al., 1999).

Human papillomaviruses (HPV), on the other hand, are the etiological agents of warts in
people. With regard to HPVs that infect the genital tract, high-risk HPVs (types 16, 18, 31, and
45) are strongly associated with cervical cancer whereas low-risk HPVs (types 6 and 11) are
weakly or not associated with this disease (Howley, 1996). In addition, the major oncogenic
determinants of high-risk HPVs are their E7 and E6 gene products. Interestingly, the
tumorigenic potentials of high-risk HPV E7 and E6 and adenovirus E1A and E1B, as well as
SV40 large T-antigen, similarly depend, in part, on their capacity to complex with and inactivate
the tumor suppressor proteins pRB and p53 (Nevins and Vogt, 1996). Such findings have
revealed that seemingly unrelated oncoproteins from DNA tumor viruses often target common

cellular factors having critical roles in the control of cellular proliferation.




We and others recently showed that the seemingly unrelated adenovirus E4-ORF1 and
high-risk HPV E6 proteins, as well as the human T-cell leukemia virus type I (HTLV-1) Tax
protein, likewise target a common cellular factor (Lee ef al., 1997). It was found that these viral
oncoproteins similarly bind to the cellular PDZ domain-containing protein DLG (Kiyono ef al.,
1997; Lee et al., 1997), which is a mammalian homolog of the Drosophila tumor suppressor
protein dlg (Lue et al., 1994; Muller et al., 1995).

PDZ domains are 80-90 amino-acid protein-protein interaction modules most often found
within cellular factors that function in signal transduction (Fanning and Anderson, 1999). These
domains typically bind specific sequence motifs located at the extreme carboxyl-terminus of
target proteins, although they also participate in other types of protein interactions. Three
different types of carboxyl-terminal PDZ domain-binding motifs are recognized and, at their
extreme carboxyl-termini, adenovirus E4-ORF1, high-risk HPV E6, and HTLV-1 Tax proteins
possess a class I motif having the consensus sequence -(T/S)-X-(V/I)-COOH (X, any amino-acid
[aa] residue) (Lee et al., 1997). These binding motifs mediate interactions with one or more
PDZ domains of DLG and, for the 9ORF1 and high-risk HPV-16 E6 proteins, disruption of this
carboxyl-terminal motif abolishes their transforming activity (Kiyono et al., 1997; Lee et al.,
1997). These findings suggest that transformation by these viral oncoproteins depends, in part,
on their ability to block the function of DLG.

Drosophila dlg has been designated as a tumor suppressor protein because, for larvae
carrying homozygous dlg mutations, imaginal disc epithelial cells exhibit loss of polarity and
neoplastic outgrowth and, in addition, certain neuronal cells of the brain undergo hyperplastic
growth (Woods and Bryant, 1991). The fact that DLG rescues the phenotypic defects of

Drosophila unable to express functional dlg indicates that these two proteins are functionally




homologous (Thomas ef al.,, 1997). These closely-related proteins are members of the
membrane-associated guanylate kinase (MAGUK) family of proteins, which typically have a
domain structure consisting of one or more amino-terminal PDZ domains, an internal SH3
domain, and a carboxyl-terminal guanylate kinase-homology domain (Craven and Bredt, 1998).
In general, this family of polypeptides functions to properly localize membrane and cytosolic
proteins to the plasma membrane at specialized regions of cell-cell contact, as well as to organize
these targets into large signaling complexes (Fanning and Anderson, 1999). These results,
together with our recent finding that high-risk HPV E6 proteins target DLG for degradation in
cells (Gardiol et al., 1999), suggest a model whereby the proposed cell signaling regulatory
activities of DLG function to suppress inappropriate proliferation of cells.

Our previous findings with the 9ORF1 oncoprotein suggest that its oncogenic potential
depends not only on interactions with DLG (Lee et al., 1997), but also with other unidentified
cellular PDZ proteins (p220, p180, p160, p155) (Weiss ef al., 1997a). In this paper, we screened
a panel of large cellular PDZ proteins for aﬁ ability to bind the 9ORF1 protein in order to
identify additional cellular factors that contribute to 9ORF1-induced transformation. We found
that 9ORF1, as well as high-risk HPV E6 oncoproteins, selectively complex with the
widely-expressed cellular PDZ-protein MAGI-1, a MAGUK protein related to DLG. Additional
results showed that MAGI-1 is aberrantly sequestered in the cytoplasm of cells by the 9ORF1
protein and is targeted for degradation in cells by high-risk HPV E6 proteins, suggesting that the
transforming potentials of two unrelated viral oncoproteins depend, in part, on an ability to

inactivate this cellular PDZ protein.




Results

9ORF1 complexes with the PDZ-protein MAGI-1 in cells

The transforming activity of the 9ORF1 oncoprotein depends on its carboxyl-terminal PDZ
domain-binding motif (Table 1) (Lee et al., 1997), which mediates binding to multiple large
cellular polypeptides (p220, p180, p160, p155, and p140/p130) (Weiss et al., 1997a). Whereas
90RF 1-associated protein p140/p130 has been identified as the PDZ-protein DLG (Lee ef al.,
1997), the identities of the remaining 9ORF1-associated proteins have not been determined.
Reasoning that, like DLG, these unidentified 9ORF1-associated polypeptides contain PDZ
domains and also considering their predicted sizes (155 kD - 220 kD), we examined a group of
cellular PDZ-proteins that included FAP-1 (273 kD) (Sato et al., 1995), ZO-1 (220 kD) (Willott
et al., 1993), AF-6 (182 kD) (Prasad et al., 1993), hINADL (167 kD) (Philipp and Flockerzi,
1997), MAGI-1 (152 kD) (Dobrosotskaya et al., 1997), and ZO-3 (130 kD) (Haskins ef al.,
1998) for binding to 9ORF1. Using a variety of assays, we demonstrated that 9ORF1 bound to
the widely-expressed PDZ-protein MAGI-1 (Fig. 1) (see below), but not to the other

PDZ-proteins tested (data not shown).

Although its function is not known, MAGI-1 is a MAGUK protein related to DLG
(Dobrosotskaya et al., 1997). MAGI-1 is structurally inverted relative to DLG, however, as
MAGI-1 has a guanylate kinase-homology domain at its amino-terminus and five PDZ domains
at its carboxyl-terminus. In addition, MAGI-1 possesses two WW domains rather than the SH3
domain of DLG. Three MAGI-1 isoforms (a, b and c¢), identical except for sequences
carboxyl-terminal to PDZ5, have been identified (Fig. 1). The presence of a consensus bipartite
nuclear localization signal within the unique carboxyl-terminal sequences of MAGI-1c¢ hints that

this particular isoform may under certain conditions have functions in the nucleus.




To show binding of MAGI-1 to the 9ORF1 protein, we subjected extracts of COS-7 cells
expressing HA epitope-tagged mouse MAGI-1b (HAMAGI-1b) or MAGI-1¢ (HAMAGI-1c¢) to
GST-pulldown assays with a wild-type 9ORF1 fusion protein. We found that wild-type 9ORF1
complexed similarly with both MAGI-1b (data not shown) and MAGI-1c (Fig. 2A). Like
90RF1, the related E4-ORF1 transforming proteins of adenovirus types 5 (SORF1) and
12 (120RF1) also possess carboxyl-terminal PDZ domain-binding motifs (Table 1) and likewise
bound to both MAGI-1b and MAGI-1c¢ in these assays (data not shown; Fig 2A). With the use
of MAGI-1-specific antibodies (Dobrosotskaya et al., 1997), we also showed that 9ORFI is
similarly able to associate with endogenous MAGI-1 protein derived from extracts of CREF rat
embryo fibroblasts (Fig. 2B). Which MAGI-1 isoform(s) is expressed in CREF cells was not
determined, but the size of the detected polypeptide is most consistent with that of MAGI-1c.
Also notable was that MAGI-1 and 9ORF1-associated protein p180 co-migrated in protein gels,
suggesting that these proteins are the same (Fig. 3).

The specificity of the binding results described above was demonstrated by inclusion of
transformation-defective 9ORF1 mutant proteins in the same experiménts. The PDZ
domain-binding motif of severely transformation-defective 9ORF1 mutant IIIA is disrupted by
deletion (Table 1), which renders this mutant unable to complex with any 9ORF1-associated
proteins (Weiss et al., 1997a; Weiss and Javier, 1997). In contrast, the PDZ domain-binding
motifs of the weak-transforming 9ORF1 mutants IIIC and IIID have less disruptive missense
mutations (Table 1), which permit these mutants to bind a subset of 9ORF 1-associated proteins,
albeit at substantially reduced levels in most cases (Weiss et al., 1997a; Weiss and Javier, 1997).
In GST-pulldown assays, we found that MAGI-1 failed to complex with mutant IIIA, yet

complexed with mutant IIIC at approximately wild-type levels or with mutant IIID at




substantially reduced levels (Fig. 2). The fact that this binding profile of MAGI-1 to wild-type
and mutant 9ORF1 proteins was identical to that previously observed for 9ORF1-associated
protein p180 (Weiss and Javier, 1997) provided further support for the idea that these proteins
are the same. More important, these findings indicated that 9ORF1 binding to MAGI-1 is
specific and depends on a functional 9ORF1 PDZ domain-binding motif.

We next performed reciprocal co-immunoprecipitation assays with extracts of COS-7
cells co-expressing HAMAGI-1c and either wild-type or mutant 9ORF1 protein. We found that
MAGI-1 co-precipitated with wild-type 9ORF1 but failed to co-précipitate with mutant IITA
(Fig. 4). MAGI-1 also co-precipitated with mutants ITIC and IIID, but at levels slightly below or
substantially below, respectively, that of the wild-type 9ORF1 protein (Fig. 4). These results
were concordant with those of the GST-pulldown assays (see Fig. 2) and also indicated that

90RF1 and MAGI-1 form specific complexes in cells.

90RF1 interacts primarily with MAGI-1 PDZ1 and PDZ3
The fact that disrupting the PDZ domain-binding motif of 9ORF1 impairs its binding to MAGI-1
implies that this viral protein binds one or more MAGI-1 PDZ domains. To verify this
prediction, we performed protein blotting assays by incubating membrane-immobilized fusion
proteins of individual MAGI-1 PDZ domains with a radiolabeled 9ORF1 protein probe. In these
assays, the wild-type 9ORF1 protein probe bound strongly with PDZ1 and PDZ3, weakly with
PDZ2, but failed to bind either PDZ4 or PDZS5 (Fig. 5A). Additionally, none of these MAGI-1
PDZ domains reacted with a mutant IIIA protein probe (data not shown), indicating that the
detected binding was specific and dependent on a functional 9ORF1 PDZ domain-binding motif.
As 90ORF1 mutants IIIC and IIID displayed nearly wild-type or reduced binding,

respectively, to MAGI-1 (see Figs. 2 and 4), these mutant proteins were also used as probes in




protein blotting assays. In these experiments, mutants IIIC and IIID displayed reciprocal defects
in binding to MAGI-1 PDZ1 and PDZ3. Specifically, mutant IIIC reacted with PDZ3 but not
with PDZ1 and mutant IIID reacted with PDZ1 but not with PDZ3 (Fig. SA). Also, mutant IIID
bound to MAGI-1 PDZ2, but mutant ITIC did not interact detectably with this domain. These
results revealed that, although they are able to bind MAGI-1, mutants IIIC and IIID both have
impaired domain interactions with this PDZ protein.

To confirm that MAGI-1 PDZ1 and PDZ3 primarily determine binding of 9ORF1 to the
full-length MAGI-1 polypeptide, we constructed a MAGI-1 double-deletion mutant missing both
PDZ1 and PDZ3 (HAMAGI-1APDZ1+3) (Fig. 5B). In agreement with the results of protein
blotting assays (see Fig. 5A), 9ORF1 failed to bind HAMAGI-1APDZ1+3 in GST-pulldown
assays (Fig. 5C). The weak interaction of 9ORF1 with MAGI-1 PDZ2 observed in protein
blotting assays (see Fig. 5A) was presumably too low to detect in these experiments. These
findings showed that MAGI-1 PDZ1 and PDZ3, and no other region of MAGI-1, largely mediate
binding to 9ORF1.

Contrary to results obtained with the HAMAGI-1APDZ1+3 double-deletion mutant,
MAGI-1 single-deletion mutants missing either only PDZ1 (HAMAGI-1APDZ1) or only PDZ3
(HAMAGI-1APDZ3) (Fig. 5B) associated with 9ORF1 at approximately wild-type levels
(Fig. 5C), demonstrating that either PDZ1 alone or PDZ3 alone is sufficient to confer upon
MAGI-1 wild-type binding to 9ORF1. This finding also suggested that the strong binding of
mutant IiIC to MAGI-1 (see Figs. 2 and 4) is due to this mutant retaining approximately
wild-type affinity for PDZ3 and that the weak binding of mutant IIID to MAGI-1 (see Figs. 2
and 4) is due to this mutant having reduced affinity for PDZ1. The reason that the predicted

reduced affinity of mutant IIID for PDZ1 was not revealed in protein blotting assays (see




Fig. 5A) is not clear, but it may be due to differences in the specific activity of each protein

probe.

9ORF]1 aberrantly sequesters MAGI-1 in the cytoplasm of cells

Indirect immunofluorescence (IF) microscopy assays were used to ascertain the subcellular
distribution of MAGI-1 in cells. We found that, in normal CREF fibroblasts, MAGI-1 was
primarily distributed diffusely within the cytoplasm (Fig. 6A). Other PDZ proteins also localize
in the cytoplasm (Wu et al., 1998; Yang et al., 1998), although these polypeptides more often
associate with the plésma membrane at sites of cell-cell contact in epithelial cells (Fanning and
Anderson, 1999). Because 9ORF1 is present within punctate bodies in the cytoplasm of CREF
cells (Weiss et al., 1996), we hypothesized that the subcellular distribution of MAGI-1 seen in
normal CREF cells would be altered in 9ORF1-expressing CREF cells. As predicted, MAGI-1
was redistributed within punctate bodies in the cytoplasm of the CREF cell line expressing
wild-type 9ORF1 (CREF-90ORF1) (Fig. 6A). This aberrant localization of MAGI-1 was due to
association of 9ORF1 with MAGI-1, as these proteins co-localized in the same cytoplasmic
bodies (Fig. 6B).

We also examined the subcellular distribution of MAGI-1 in CREF cell lines stably
expressing mutant 9ORF1 proteins (see Table 1) which, similar to wild-type 9ORF1, exhibit
punctate cytoplasmic staining in CREF cells (Weiss et al., 1997a). Despite the fact that each of
the different CREF cell lines expressed 9ORF1 protein at comparable levels (Fig. 7, upper
panel), the staining pattern of MAGI-1 in the CREF cell line expressing mutant IIIA
(CREF-IIIA; Fig. 6A), which fails to bind MAGI-1 (see Fig. 2), was similar to that of normal
CREF cells, whereas substantially reduced amounts of aberrant punctate staining for MAGI-1

were detected in the cytoplasm of the CREF cell line expressing mutant IIID (CREF-IIID;
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Fig. 6A), which binds weakly to MAGI-1 (see Fig. 2). Interestingly, the CREF cell line
expressing mutant [IIC (CREF-IIIC), which binds MAGI-1 at nearly wild-type levels (see
Fig. 2), showed a MAGI-1 staining pattern similar to that of normal CREF cells (Fig. 6A).
Therefore, in addition to having defective PDZ-domain interactions with MAGI-1 (see Fig. 5A),
mutants ITIC and ITID also either failed or showed a substantially reduced capacity, respectively,
to sequester MAGI-1 within punctate bodies in the cytoplasm of CREF cells.

To confirm the aberrant sequestration of MAGI-1 by 9ORF1 detecfed in IF assays, we
performed crude cell-fractionation assays with the same CREF cell lines. In these experiments,
cells lysed in RIPA buffer were separated by centrifugation into RIPA buffer-soluble supernatant
and RIPA buffer-insoluble pellet fractions, each of which was immunoblotted for the presence of
MAGI-1 protein. In normal CREF cells, the majority of MAGI-1 protein was detected in the
RIPA buffer-soluble fraction but, in CREF-9ORF1 cells, MAGI-1 was exclusively present
within the RIPA buffer-insoluble fraction (Fig. 7, lower panel). It was this inability to recover
soluble MAGI-1 protein from extracts of CREF-9ORF1 cells that prevented us from showing
co-immunoprecipitation of 9ORF1 and MAGI-1 with this particular cell line. More important,
the results of crude cell-fractionation assays with CREF cells expressing mutant 9ORF1 proteins
were in accordance with the IF findings because MAGI-1 protein was recovered primarily in the
RIPA buffer-soluble fraction of the CREF-IIIA, CREF-IIIC, and CREF-IIID cell lines (Fig. 7,

lower panel).

High-risk human papillomavirus E6 oncoproteins also complex with MAGI-1
We (Lee et al., 1997) and others (Kiyono ef al., 1997) previously showed that, like 9ORF1,
high-risk but not low-risk HPV E6 oncoproteins contain functional PDZ domain-binding motifs

at their carboxyl-termini (Table 1) and bind DLG. To determine whether high-risk HPV E6
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oncoproteins also bind MAGI-1, we performed GST-pulldown assays with lysates of COS-7
cells expressing the HAMAGI-1c protein. The results indicated that wild-type high-risk 16E6
and 18E6, but not low-risk HPV-11 E6 (11E6), bind MAGI-1 in these assays (Fig. 8).
Moreover, the mutants 16E6-T149D/L151A and 18E6-V158A, which have disrupted PDZ
domain-binding motifs (Table 1), failed to bind MAGI-1, indicating that the interactions between
wild-type high-risk E6 oncoproteins and MAGI-1 were specific and required a functional PDZ
domain-binding motif. We further demonstrated that a 16 aa-residue carboxyl-terminal 18E6
peptide (18E6-CT16) containing the PDZ domain-binding motif was sufficient to mediate

binding to MAGI-1 (Fig. 8).

High-risk HPV E6 oncoproteins target MAGI-1 for degradation
High-risk HPV E6 oncoproteins promote degradation of the p53 tumor suppressor protein in
cells by ubiquitin-dependent proteolysis (Scheffner et al., 1990). As we recently showed that
DLG is also targeted for degradation by high-risk HPV E6 proteins (Gardiol ef al., 1999), it was
of interest to determine whether MAGI-1 is similarly affected by these viral proteins. This
possibility was initially examined by mixing and incubating in vitro-translated FLAG
epitope-tagged MAGI-1 (FLAGMAGI-1c) with wild-type or mutant 18E6 and 16E6 proteins.
MAGI-1 protein levels were substantially reduced after a brief incubation with wild-type 18E6
or 16E6 but remained unchanged following longer incubations with either mutant 18E6-V158A
or 16E6-T149D/L151A, or water-primed in vitro-translation reactions (Fig. 9).

To determine whether high-risk HPV E6 proteins also specifically target MAGI-1 for
degradation in cells, we compared the steady-state protein levels of MAGI-1 in COS-7 cells
either expressing MAGI-1 alone or co-expressing MAGI-1 and wild-type or mutant E6 proteins.

Consistent with our in vitro results, MAGI-1 protein levels were substantially reduced in cells
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expressing either wild-type 18E6 or 16E6 (Fig. 10A). The results of additional experiments
indicated that the reduction of MAGI-1 protein levels in cells expressing these wild-type E6
proteins was specific and due to proteolysis. First, no decrease in MAGI-1 protein levels was
detected in cells expressing either the 18E6-V158A or 16E6-T149D/L151A mutant protein, or
the low-risk 11E6 protein (Fig. 10A). Second, consistent with our inability to detect binding of
18E6 to a truncated MAGI-1 protein lacking all five PDZ domains (MAGI-1A5SPDZ) (see
Fig. 5B) or to the wild-type MAGUK-family PDZ-protein ZO-2 (Jesaitis and Goodenough,
1994) (Fig. 10B), 18E6 failed to reduce the protein levels of either polypeptide in cells
(Fig. 10C). Finally, the results of pulse-chase experiments in COS-7 cells expressing MAGI-1
alone or co-expressing MAGI-1 and 18E6 demonstrated that the half-life of the MAGI-1 protein
is drastically decreased from approximately 24 h in normal cells to approximately 1 h in
18E6-expressing cells (Fig. 11). From these results, we conclude that high-risk HPV E6

oncoproteins specifically target the PDZ-protein MAGI-1 for degradation in cells.
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Discussion

Interactions of the 9ORF1 oncoprotein with the MAGUK-protein DLG and with several
other unidentified cellular factors (p220, p180, p160, p155) correlate with the ability of this viral
protein to transform cells (Weiss and Javier, 1997). Thus, identification and characterization of
the unidentified cellular proteins is expected to aid in fully revealing the mechanisms of
90RF1-induced transformation. In this study, we showed that, in addition to DLG, 9ORF1 also
binds to the related MAGUK-protein MAGI-1 and that this cellular PDZ protein likely
represents the previously unidentified 9ORF 1-associated protein p180. Particularly noteworthy
is that all transformation-defective 9ORF1 mutants having an altered PDZ domain-binding motif
displayed impaired interactions with MAGI-I. For example, the severely
transformation-defective mutant IITA and the weak-transforming mutant IIID failed or showed a
substantially reduced capacity, respectively, to bind MAGI-1. In addition, although the
weak-transforming mutant I[IIC bound to MAGI-1 at nearly wild-type levels in cells, this mutant
protein was impaired both for interacting with certain MAGI-1 PDZ domains and for aberrantly
sequestering MAGI-1 within RIPA buffer-insoluble complexes in the cytoplasm of cells. With
respect to the latter observation, we noted that, in contrast to wild-type 9ORF1, substantial
amounts of mutant ITIC protein exist in the RIPA buffer-soluble fraction of cells, suggesting that
this mutant may be inherently unable to sequester PDZ proteins in the cytoplasm of cells. Taken
together, results with transformation-defective 9ORF1 mutants suggest that the ability of 9ORF1
to bind and aberrantly sequester MAGI-1 in cells contributes to 9ORF1-mediated cellular
transformation.

It is also noteworthy that, among six different PDZ proteins examined, only MAGI-1 was

found to interact with 9ORF1. This finding indicates that 9ORF1 targets only select PDZ
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proteins in cells. This idea is further evidenced by the select interaction of 9ORF1 with two of
the five PDZ domains of MAGI-1 and two of the three PDZ domains of DLG (Lee et al., 1997).
These observations, coupled with the fact that 9ORF1 mutants IIIC and IIID bind only one
MAGI-1 PDZ domain, argue that precise sequence requirements both within the PDZ domain-
binding motif of 9ORF1 and within each PDZ domain of the 9ORF1-associated targets
determine these highly specific protein-protein interactions.

The fact that MAGI-1 is a MAGUK-family protein suggests that this PDZ protein
functions to assemble numerous cellular targets into large signaling complexes in cells. In
contrast to many PDZ proteins, however, MAGI-1 was found to localize predominantly in the
cytoplasm of CREF fibroblasts. Although we cannot discount the possibility that a minor
fraction of MAGI-1 is present at the membrane of CREF cells, this finding may indicate that
MAGI-1 functions primarily in the cytoplasm. Alternatively, it is feasible that MAGI-1 does
function at the membrane, but its translocation to this site occurs only following specific cellular
stimuli. Besides possible cytoplasmic and membrane activities, the MAGI-1c isoform, which
contains a consensus bipartite nuclear localization signal (Dobrosotskaya et al., 1997), may
additionally function in the nucleus, perhaps to regulate the transcription of certain cellular
genes. Again, we did not detect MAGI-1 in the nucleus of cells, but nuclear localization may
occur only under specific conditions, as has been reported for the related MAGUK-family
protein ZO-1 (Gottardi et al., 1996). Regardless of where in the cell MAGI-1 functions,
however, this cellular factor would likely be inactivated in 9ORF 1-expressing cells, as we found
that 9ORF1 sequesters MAGI-1 in the cytoplasrﬁ of cells. Also considering that 9ORF1 binds
strongly to MAGI-1 PDZ1 and PDZ3, 9ORF1 would be expected to block MAGI-1 from

complexing with the normal cellular targets of these PDZ domains. Therefore, aberrant
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sequestration and disruption of protein complexes, as well as perturbation of associated protein
activities, may all be envisioned as possible mechanisms by which 9ORF1 could inhibit the
normal functions of MAGI-1 in cells.

Like 9ORF1, all known high-risk HPV E6 oncoproteins also possess a carboxyl-terminal
PDZ domain-binding motif (Lee et al., 1997). Significantly, disruption of the PDZ
domain-binding motif of 16E6 renders this viral protein transformation-defective in rat 3Y1
fibroblasts (Kiyono et al., 1997). As infections with high-risk HPV-16 and HPV-18 are
associated with approximately 75% of cervical carcinomas (Bosch et al., 1995), our finding that
both the 16E6 and 18E6 oncoproteins, but not the low-risk 11E6 protein, utilize their
carboxyl-terminal PDZ domain-binding motif to bind the PDZ-protein MAGI-1 is also likely to
be important. This idea is further underscored by the facts that 16E6 and 18E6 mutant proteins
having disrupted PDZ domain-binding motifs fail to bind MAGI-1 and that the wild-type 18E6
protein does not complex with the related MAGUK proteins ZO-1 (unpublished results) and
Z0-2. Such specific and selective interactions suggest that the ability of high-risk HPV E6
oncoproteins to associate with MAGI-1 in cells may contribute to the development of
HPV-associated cancers in people.

A common mechanism by which the oncoproteins of DNA tumor viruses promote cell
proliferation is to inactivate cellular tumor suppressor proteins. For example, both the
adenovirus E1B and high-risk HPV E6 oncoproteins functionally inactivate the tumor suppressor
protein p53, yet by distinct mechanisms. In this regard, E1B sequesters p53 in an inactive state
(Shenk, 1996), whereas high-risk HPV E6 targets p53 for ubiquitin-mediated proteolysis
(Howley, 1996). Likewise, we found that the 9ORF1 oncoprotein sequesters MAGI-1 in the

cytoplasm of cells whereas the high-risk HPV E6 proteins target MAGI-1 for degradation in
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cells. These findings argue that adenovirus E4-ORF1 and high-risk HPV E6 oncoproteins
similarly inactivate MAGI-1 by distinct mechanisms. As MAGI-1 is related to DLG and both
proteins are selectively targeted by two otherwise unrelated viral oncoproteins, it seems plausible
that these PDZ proteins have related functions in cells. Therefore, we hypothesize that MAGI-1
similarly functions to suppress inappropriate cellular proliferation and, consequently, represents

a new candidate tumor suppressor protein.
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Materials and methods

Cells and cell extracts
CREF (Fisher ef al., 1982), TE85 (McAllister et al., 1971), and COS-7 (Gluzman, 1981) cell
lines were maintained in culture medium [Dulbecco’s Modified Eagle Medium supplemented
with gentamicin (20 pg/ml) and 6% or 10% fetal bovine serum (FBS)]. CREF cell pools
(group 16) stably expressing wild-type or mutant 9ORF1 protein (Weiss et al., 1997a), as well as
a CREF cell pool stably expressing an influenza hemagglutinin (HA) epitope-tagged 9ORF1
protein (Weiss ef al., 1997b), were maintained in culture medium supplemented with G418.

Cell extracts were prepared in either RIPA buffer [SO mM Tris-HCl pH 8.0,
150 mM NaCl, 1% (vol/vol) Nonidet P-40, 0.5% (wt/vol) sodium deoxycholate, 0.1% (wt/vol)
sodium dodecyl sulfate (SDS)] or NETN buffer {20 mM Tris, pH 8.0, 100 mM NaCl,
1 mM EDTA, 0.5% Nonidet P-40 (vol/vol)] as described previously (Lee et al., 1997).
Alternatively, cells were lysed directly in sample buffer [0.15 M Tris-HCI1 pH 6.8, 2% (wt/vol)
SDS, 10% (vol/vol) glycerol, 1% (vol/vol) B-mercaptoethanol, 0.0015% (wt/vol) bromophenol
blue]. For crude cell-fractionation assays, the pellet obtained after centrifugation of RIPA
buffer-lysed cells was solublized in sample buffer using the same volume originally used to lyse
the cells in RIPA buffer. Protein concentrations of cell extracts were determined by the Bradford

assay (Bradford, 1976).

Plasmids
pCDNA3 (Invitrogen) plasmids coding for amino-terminal FLAG epitope-tagged mouse
MAG]I-1 isoform b (MAGI-1b), MAGI-1 isoform ¢ (MAGI-1c), and MAGI-1b missing either

PDZ1 (aa 453-549; MAGI-1bAPDZ1), PDZ2 (aa 625-702; MAGI-1bAPDZ2), or PDZ3
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(aa 796-875; MAGI-1bAPDZ3), as well as pGEX-KG (Pharmacia) plasmids coding for MAGI-1
PDZ1 (aa 431-545), PDZ2 (aa 601-702), PDZ4 (aa 925-1034), or PDZ5 (aa 1013-1116) were
generously provided by Guy James. cDNA sequences coding for MAGI-1 PDZ3 (aa 763-880)
were amplified by PCR and introduced in-frame with the glutathione S-transferase (GST) gene
of pGEX-2T to make pGEX-MAGI-1PDZ3. pGEX-2T and pGEX-2TK plasmids coding for
wild-type Ad5 and Ad12 E4-ORF1 proteins (SORF1 and 120RF1, respectively), as well as for
wild-type or mutant 9ORF1 proteins were described previously (Weiss and Javier, 1997). The
c¢DNAs of HPV-18 E6 (18E6) mutant 18E6-V158A, wild-type HPV-16 E6 (16E6), and mutant
16E6-T149D/L151A were introduced into the HindlIl and EcoRI sites of pSP64 (Promega) to
generate pSP64-18E6-V158A, pSP64-16E6, and pSP64-16E6-T149D/L151A. An HA-epitope
tag was introduced at the amino-terminus of MAGI-1b, MAGI-1c, MAGI-1A5PDZ (aa 1-424),
16E6, mutant 16E6-T149D/L151A, and canine ZO-2 by PCR methods. ¢cDNAs coding for the
HA-epitope-tagged MAGI-1 and 16E6 proteins were introduced between the HindIII and EcoRI
sites of CMV expression plasmid GW1 (British Biotechnology) to generate GW1-HAMAGI-1b,
GWI1-HAMAGI-1c, GWI-HAMAGI-1ASPDZ, GWI1-HA16E6, and
GW1-HA16E6-T149D/L151A. The HA-epitope-tagged ZO-2 ¢cDNA was introduced into the
Smal site of GWI1 to generate GWI1-HAZO-2. The deletions of
pCDNA3-FLAGMAGI-1bAPDZ1 and pCDNA3-FLAGMAGI-1bAPDZ3 were subcloned
individually or in combination into GW1-HAMAGI-1b to generate GW1-HAMAGI-1bAPDZ1,
GW1-HAMAGI-1bAPDZ3, and GW1-HAMAGI-1bAPDZ1+3. PCR reactions were performed
with Pfu polymerase (Stratagene), and plasmids were verified by restriction enzyme and limited

sequence analyses. Plasmids GWI1-HA18E6, GW1-HA18E6-V158A, GWI1-HA11ES6,
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GWI-90RF1wt, GW1-90RF1IIIA, GW1-90RF1IIIC, GW1-9ORF1IIID, and pSP64-18E6 were

described elsewhere (Gardiol et al., 1999).

Antisera and antibodies

Rabbit polyclonal antiserum raised to the unique amino-terminal region of MAGI-1 (aa 2-140)
was generously provided by Guy James (Dobrosotskaya et al., 1997). 9ORF1 antiserum was
described previously (Javier, 1994). Commercially-available FLAG antibodies (Santa Cruz
Biotechnology), 12CAS5 HA monoclonal antibodies (BABCO; Boehringer Mannheim), normal
rabbit IgG, peroxidase-conjugated goat anti-rabbit or goat anti-mouse IgG (Southern
Biotechnology Associates), FITC-conjugated goat anti-rabbit or goat anti-mouse IgG (Gibco

BRL), or Texas red-conjugated goat anti-mouse IgG (Molecular Probe) were used.

GST-pulldown, immunoprecipitation, and immunoblot assays

GST-pulldown and immunoprecipitation assays were performed with cell extracts in RIPA
buffer as described previously (Lee et al., 1997). Immunoblot assays were carried out as
described previously (Weiss et al., 1996) using either 9ORF1 (1:5000), HA (0.2 pg/ml), or
MAGI-1 (1 pg/ml) primary antibodies and either horseradish peroxidase-conjugated goat
anti-rabbit IgG or goat anti-mouse IgG (1:5000) secondary antibodies. Immunoblotted assays

were developed by enhanced chemiluminescence (Pierce).

Protein blotting assays
Individual MAGI-1 PDZ domains were expressed as GST-fusion proteins in bacteria, purified on
glutathione sepharose beads (Pharmacia) (Smith and Corcoran, 1994), separated by

SDS-polyacrylamide gel electrophoresis (PAGE), and transferred to a nitrocellulose membrane.
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Methods for preparing radiolabeled GST fusion protein probes and for performing protein

blotting assays with such probes have been described (Lee et al., 1997).

Immunofluorescence microscopy assays

For indirect immunofluorescence (IF) microscopy assays (Harlow and Lane, 1988), cells were
grown on coverslips, fixed in methanol for 20 min at -20°C, blocked in IF buffer [TBS (50 mM
Tris-HCI1 pH 7.5, 200 mM NaCl) containing 10% goat serum (Sigma)] for 1 h at RT and, then,
incubated with either MAGI-1 antibodies (5 pg/ml), HA antibodies (0.24 mg/ml) or normal
rabbit IgG (5 ug/ml) for 3 h at 37°C. Cells were subsequently washed with TBS, blocked as
described above, incubated with either FITC-conjugated goat anti-rabbit or goat anti-mouse IgG
antibodies (1:250) or Texas red-conjugated goat anti-mouse IgG antibodies (1:250) for 1 h at
37°C, and washed with TBS. All antibodies were diluted in IF buffer. Cells were visualized by
fluorescence microscopy using a Zeiss Axiophot microscope, and images were processed using

Adobe PhotoShop software.

In vitro-degradation assays

pCDNA3-FLAGMAGI-1c, pSP64-18E6, pSP64-18E6-V158A, pSP64-16E6, and
pSP64-16E6-T149D/L151A plasmids were transcribed and translated in vifro using the TnT
coupled rabbit reticulocyte lysate system (Promega) and 50 uCi [*°S]-cysteine (1200 Ci/mmol)
(Amersham), according to the manufacturer’s instructions. The amount of radioactivity
introduced into in vitro-translated proteins per microliter of reaction was determined by resolving
an aliquot of each reaction by SDS-PAGE and quantifying CPM within relevant protein bands
using a Storm Molecular Dynamics phosphorimager. For in vitro-degradation assays, a reaction

volume equivalent to 50 CPM of in vitro-translated FLAGMAGI-1c protein was mixed with a
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reaction volume equivalent to 250 CPM of in vitro-translated 18E6, 18E6-V158A, 16E6, or
16E6-T149D/L151A protein. All assay volumes were equalized with a water-primed
in vitro-translation reaction and, at selected time points, an aliquot from each assay mixture was
removed and subjected to immunoprecipitation analysis. Recovered proteins were resolved by

SDS-PAGE and visualized by audioradiography.

Pulse-chase labeling of proteins in cells

At 48 h post-transfection, COS-7 cells were incubated with methionine- and cysteine-free
DMEM containing 5% dialyzed FBS [5% FBS-DMEM-MC] for 30 min and, then, pulse labeled
for 15 min in the same medium containing 0.2 mCi/ml [*S] EXPRESS protein label (Dupont).
Following several washes with 5% FBS-DMEM-MC, pulse radiolabelled cells were chased by
incubation with culture medium containing five-fold excess methionine (15 mg/L) for various
times, harvested, and lysed in RIPA buffer. Cell extracts were subjected to immunoprecipitation
with HA antibodies, and recovered proteins were resolved by SDS-PAGE and visualized by
autoradiography. Amounts of protein immunoprecipitated were quantified using a

phosphorimager.
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Figure legends

Fig. 1. Three isoforms of MAGI-1. MAGI-1 has an inverted MAGUK domain structure with a
guanylate kinase-homology domain (GuK) at its amino-terminus and PDZ domains at its
carboxyl-terminus. MAGI-1a, -1b, and -1c isoforms are identical except that their sequences
diverge carboxyl-terminal to PDZ5. WW, WW domain; NLS, putative bipartite nuclear

localization signal.

Fig. 2. Binding of 9ORF1 to MAGI-1 in vitro. (A) 9ORF1 protein binding to mouse MAGI-1c¢
detected in GST-pulldown assays. Extracts o‘f RIPA buffer-lysed COS-7 cells transfected with
5 ug of empty GW1 or 5 ug of GWI-HAMAGI-1c¢ plasmid were used in GST-pulldown
reactions with the indicated GST fusion protein, and recovered proteins were immunoblotted
with HA antibodies. Upper panel, MAGI-1 binding to wild-type and mutant 9ORF1 proteins
(see Table 1). Lower panel, MAGI-1 binding to the wild-type E4-ORF1 proteins of Ad9, Ad5
(50RF1), and Ad12 (120RF1). COS-7 extracts representing one-half the amount used in GST
pulldown reactions were also directly immunoblotted with HA antibodies as a control.
(B) 90ORF1 binding to endogenous rat MAGI-1 of CREF cells using GST-pulldown assays.
CREF cell extracts in RIPA buffer were subjected to GST-pulldown assays and then

immunoblotted with MAGI-1 antibodies.

Fig. 3. Co-migration of MAGI-1 and 9ORF1-associated protein p180 in a protein gel.
GST-pulldown reactions using GST or GST-9ORF1 protein were performed with extracts of
human TES85 cells in RIPA buffer. Recovered proteins from duplicate GST-pulldown reactions
were separated in parallel by SDS-PAGE and transferred to a membrane, and membranes were

either blotted with a radiolabeled 9ORF1 protein probe (leff) or with MAGI-1 antibodies (right).
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Fig. 4. Binding of 9ORF1 to MAGI-1 in vive. Co-immunoprecipitation assays were performed
with extracts of COS-7 cells transfected with 4 pg of GW1-HAMAGI-1 plasmid and either 4 ug
empty GW1 or 4 pg of GW1 plasmid expressing wild-type or the indicated mutant 9ORF1
protein. COS-7 extracts in RIPA buffer were subjected to immunoprecipitation with either HA
antibodies (upper panel) or 9ORF1 antibodies (lower panel), and recovered proteins were
separately immunoblotted with the same two antibodies. In the lower panel,
immunoprecipitation of the COS-7 extract with pre-immune serum (pre) was included as a

negative control.

Fig. 5. Binding of 9ORF1 to MAGI-1 PDZ1 and PDZ3. (A) Strong binding of 9ORF1 to two
of five MAGI-1 PDZ domains. GST proteins fused to individual MAGI-1 PDZ domains were
separated by SDS-PAGE, immobilized on duplicate membranes, and either stained with
coomassie or protein blotted with the indicated wild-type or mutant 9ORF1 fusion protein probe.
(B) Illustration of MAGI-1 deletion mutants. (C) Deletion of both PDZ1 and PDZ3 from
MAGI-1 abolishes its interaction with 9ORF1. Extracts of RIPA buffer-lysed COS-7 cells
transfected with 5 ug of GW1 plasmid expressing either HA-tagged wild-type or the indicated
mutant MAGI-1 protein were subjected to GST-pulldown reactions with either GST or
GST-90RF1 fusion protein, and recovered proteins were immunoblotted with HA antibodies.
COS-7 extracts representing one-tenth the amount used in GST pulldown reactions were also

directly immunoblotted with HA antibodies as a control.

Fig. 6. Aberrant sequestration of MAGI-1 in the cytoplasm of 9ORF1-expressing CREF
cells. (A) Localization of MAGI-1 in normal CREF cells or CREF cells expressing wild-type or
mutant 9ORF1 proteins. Indirect immunofluorescence assays were performed with normal

CREF cells (panels a and c) or CREF cells stably expressing wild-type 9ORF1 (panels b and d),
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mutant IITA (panel e), mutant IIIC (panel f), or mutant IIID (parel g). Cells were reacted with
either normal rabbit IgG (panels a and b) or MAGI-1 antibodies (panels c-g) and visualized by
fluorescence microscopy. (B) Co-localization of 9ORF1 and MAGI-1 proteins in CREF cells.
Double-label indirect immunofluorescence assays were performed by reacting CREF cells stably
expressing HA epitope-tagged 9ORF1 (CREF-HA9ORF1) with both HA and MAGI-1
antibodies. Each of the three panels represents the same field containing a single representative

cell stained for 9ORF1 (left panel), MAGI-1 (center panel), or the merged images (right panel).

Fig. 7. Aberrant sequestration of MAGI-1 within RIPA buffer-insoluble complexes in
9ORF1-expressing CREF cells. Normal CREF cells or CREF cells stably expressing wild-type
or mutant 9ORF1 protein were lysed either in sample buffer (upper panel) or in RIPA buffer and
subsequently centrifuged to yield RIPA buffer-soluble supernatant (S) and RIPA buffer-insoluble
pellet (I) fractions (lower panel). Extracts of sample buffer-lysed cells or equal volumes of the S
and I fractions from RIPA buffer-lysed cells were separately immunoblotted with MAGI-1

antibodies or 9ORF1 antiserum.

Fig. 8. Binding of high-risk HPV E6 oncoproteins to MAGI-1 in vitro. Extracts of COS-7
cells transfected with 5 g of empty GW1 or 5 pug of GWI-HAMAGI-1c plasmid were subjected
to GST-pulldown reactions with the indicated GST fusion protein, and recovered proteins were
immunoblotted with HA antibodies. GST pulldown assays with the indicated GST fusion
protein were performed with COS-7 extracts in RIPA buffer or NETN buffer. COS-7 extracts
representing one-tenth the amount used in GST pulldown reactions were also directly

immunoblotted with HA antibodies as a control.
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Fig. 9. HPV-18 E6-induced degradation of MAGI-1 in vitro. In vitro-translated FLAG
epitope-tagged MAGI-1¢ (FLAGMAGI-1c) was mixed with in vitro-translated wild-type 18E6,
18E6-V158A, wild-type 16E6, 16E6-T149D/L151A, or control water-primed lysates and
incubated at 30°C for the indicated times. At each time point, reactions were
immunoprecipitated with FLAG antibodies, and recovered proteins were separated by
SDS-PAGE and visualized by autoradiography (left panel). The amount of in vitro-translated E6

protein used in each assay is shown (right panel).

Fig. 10. Selective reduction in MAGI-1 protein levels irn vivo by high-risk HPV E6 proteins.
(A) Decrease in the steady-state protein levels of MAGI-1 induced by high-risk HPV E6
oncoproteins. Extracts of RIPA buffer-lysed COS-7 cells, which were transfected with
GW1-HAMAGI-1c plasmid alone or in combination with a GW1 plasmid expressing the
indicated wild-type or mutant HPV E6 protein, were immunoblotted with HA antibodies.
(B) Failure of 18E6 to bind a MAGI-1 deletion mutant missing all five PDZ domains
(MAGI-1A5PDZ) or the wild-type ZO-2 protein. Extracts of RIPA buffer-lysed COS-7 cells
were transfected with 5 pg of the indicated GW1 expression plasmid and, then, were subjected to
GST-pulldown reactions with either GST or GST-18E6 protein. Recovered proteins were
immunoblotted with HA antibodies. COS-7 extracts representing one-tenth the amount used in
GST pulldown reactions were also directly immunoblotted with HA antibodies as a control.
(C) Inability of 18E6 to reduce the steady-state protein levels of MAGI-1A5SPDZ or ZO-2 in
cells. Extracts of RIPA buffer-lysed COS-7 cells transfected with either GWI-HAMAGIASPDZ
plasmid alone (upper panel) or GW1-HAZO-2 plasmid alone (lower panel), or either the former
or latter plasmid in combination with .GW1 plasmid expressing wild-type or mutant HA18E6

(upper and lower panels), were immunoblotted with HA antibodies.
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Fig. 11. Decrease in MAGI-1 protein half-life induced by the high-risk HPV-18 E6 protein.
COS-7 cells, which were transfected with either empty GW1 plasmid, GW1-HAMAGI-1c alone
or in combination with the GW1-HA18E6, were pulse-labeled for 15 min with [**S] EXPRESS
protein label and, then, chased with unlabeled culture medium for the indicated times. At each
time point, cell extracts were immunoprecipitated with HA antibodies. Recovered MAGI-1

protein was visualized by autoradiography and quantified by phosphorimager analysis.
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Table I. Carboxyl-terminal amino-acid sequences of wild-type and mutant adenovirus E4-ORF1

and human papillomavirus (HPV) E6 proteins*

Carboxyl-terminal amino-acid sequence

Consensus type I PDZ domain-binding motif

Protein X (S/T) X (V//L)-COOH
Adenovirus E4-ORF1
wt 9ORF1 A T L v
mutant I[TA A P
mutant ITIC D T L A
mutant IIID A T P A
wt SORF1 A S N \%
wt 120RF1 A S L I
HPV E6
wt 18E6 E T Q
mutant 18E6-V158A E T Q A
wt 16E6 E T Q L
mutant 16E6-T14§D/L15 1A E D Q A
wt 11E6 D L L P

*The carboxyl-terminal sequences of Ad9 E4 ORF1 (9ORF1), HPV-18 E6 (18E6), and HPV-16
E6 (16E6) define a type I PDZ domain-binding motif, which is not present at the
carboxyl-terminus of HPV-11 E6 (11E6). Substitution mutations are indicated by bolded

amino-acid residues.
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Abstract

A general theme that has emerged from studies of DNA tumor viruses is that otherwise
unrelated oncoproteins encoded by these viruses often target the same important cellular factors.
Major oncogenic determinants for human adenovirus type 9 (Ad9) and high-risk human
papillomaviruses (HPV) are the E4-ORF1 and E6 oncoproteins, respectively, and although
otherwise unrelated, both of these viral proteins possess a functional PDZ domain-binding motif
that is essential for their transforming activity and for binding to the PDZ domain-containing and
putative tumor suppressor protein DLG. We report here that the PDZ domain-binding motifs of
Ad9 E4-ORF1 and high-risk HPV-18 E6 also mediate binding to the widely-expressed cellular
factor MUPP1, a large multi-PDZ domain protein predicted to function as an adapter in signal
transduction. With regard to the consequences of these interactions in cells, we showed that Ad9
E4-ORF1 aberrantly sequesters MUPP1 within the cytoplasm of cells, whereas HPV-18 E6
targets this cellular protein for degradation. These effects were specific because mutant viral
proteins unable to bind MUPP1 lack these activities. From these results, we propose that the
multi-PDZ domain protein MUPP1 is involved in negatively regulating cellular proliferation and
that the transforming activities of two different viral oncoproteins depend, in part, on their

ability to inactivate this cellular factor.




Introduction

Human adenovirus type 9 (Ad9) is a unique oncogenic virus that generates
estrogen-dependent mammary tumors in rats (24). Whereas the viral E1A and E1B oncoproteins
are responsible for tumorigenesis by most human adenoviruses (46), the primary oncogenic
determinant for Ad9 is its E4-ORF1 (9ORF1) transforming protein (23, 25, 54, 61). Mutational
analyses of the 125 amino-acid (aa) residue 9ORF1 protein implicate three separate regions
(Regions I, II, and IIT) as being critical for transformation (58). Although the activities associated
with Regions I and II have not been determined, Region III at the extreme carboxyl-terminus of
90RF1 mediates interactions with multiple cellular polypeptides (p220, p180, p160, p155,
p140/p130) (59). This carboﬁyl-terminal 90ORF1 domain was recently discovered to define a
functional PDZ-domain binding motif (30) and, consistent with this finding, 9ORF1-associated
protein p140/130 was identified as the cellular PDZ-protein DLG (30), a mammalian homolog of
the Drosophila discs large tumor suppressor protein dig-A (31, 35).

In humans, infections with human T-cell leukemia virus type 1 (HTLV-1) and high-risk
human papillomaviruses (HPV) are associated with the development of adult T-cell leukemia and
cervical carcinoma, respectively (5, 45). Finding a functional PDZ domain-binding motif at the
carboxyl-terminus of 9ORF1 subsequently led us to discover that HTLV-1 Tax and high-risk but
not low-risk HPV E6 oncoproteins possess similar binding motifs at their carboxyl-termini and,
in addition, bind DLG (30). Although it is well established that transformation by high-risk HPV
E6 proteins depends, in part, on an ability to target the tumor suppressor protein pS3 for
degradation (44), other E6 functions are also known to be important (29, 40, 49). In this regard,

high-risk HPV-16 E6 mutant proteins having a disrupted PDZ domain-binding motif lose the
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capacity to oncogenically transform rat 3Y1 fibroblasts (28). Moreover, we recently showed
that high-risk HPV E6 proteins target the PDZ-protein DLG for degradation in cells (11).
Therefore, a common ability of several different human virus oncoproteins to complex with
cellular PDZ-domain proteins likely contributes to their transforming potentials.

PDZ domains are approximately 80 aa-residue modular units that mediate protein-protein
interactions (6, 7). PDZ domain-containing proteins represent a diverse family of polypeptides
that contain single or multiple PDZ domains, other types of protein-protein interaction modules
including SH3, WW, PTB or pleckstrin-homology domains, as well as protein kinase or
phosphatase domains (37, 42). Consistent with such domain structures, many PDZ proteins
have been found to play a role in signal transduction. In this capacity, these cellular factors serve
to localize receptors and cytosolic signaling proteins to specialized membrane sites in cells and, in
addition, to act as scaffolding proteins to organize these cellular targets into large supramolecular
complexes (6, 8, 39). The PDZ domains of these cellular factors typically recognize specific
peptide sequence motifs located at the extreme carboxyl-termini of their target proteins (50),
although PDZ domains can also mediate other types of protein interactions (3, 32, 65). To date,
three different types of carboxyl-terminal PDZ domain-binding motifs have been identified (33,
50, 52) and, at their extreme carboxyl-termini, the adenovirus 9ORF1, HTLV-1 Tax, and high-risk
HPV E6 oncoproteins possess a type I binding motif having the consensus sequence
-(S/T)-X-(V/I/L)-COOH (X, any aa residue) (30).

Although our findings (30, 58, 59) and those of others (28) suggest that DLG is an
important cellular target for transformation by both human adenovirus E4-ORF1 and high-risk

HPV E6 oncoproteins, our previous results with the 9ORF1 protein also argue for the existence
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of additional important cellular PDZ-protein targets. Specifically, disruption of the 9ORF1 PDZ
domain-binding motif abolishes interaction of 9ORF1 with DLG, as well as with several other
unidentified cellular proteins (p220, p180, p160, p155) (59). Consistent with this observation,
we now report that 9ORF1-associated protein p220 is the multi-PDZ domain protein MUPP1
(57) and that 9ORF1 abnormally sequesters this cellular factor within the cytoplasm of cells. We
further show that the high-risk HPV-18 E6 (18E6) oncoprotein likewise complexes with MUPP1
but instead targets this cellular factor for degradation in cells. These findings suggest that the
transforming potentials of the human adenovirus E4-ORF1 and 18E6 proteins depend on their
ability to block the function of MUPP1, a large multi-PDZ domain protein predicted to function

as a scaffolding factor in cell signaling.
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Materials and Methods

Cells. 3T3 (22), CREF (9), COS7 (13), TE85 (34), and 293 (14) cell lines, as well as the Ad9-
induced rat mammary tumor cell line 20-8, were maintained in culture medium (Dulbecco’s
Modified Eagle Medium supplemented with 10% fetal bovine serum) under a 5% CO,
atmosphere in a humidified incubator at 37°C. CREF cell pools (group 16) stably expressing
wild-type or mutant 9ORF1 protein (58) and a CREF cell pool stably expressing an influenza
virus hemagglutinin (HA) epitope-tagged 9ORF1 protein (60) were maintained in culture medium
supplemented with G418 (Gibco BRL).
Plasmids. The partial murine 9BP-1 cDNA (30) encoding the carboxyl-terminal 526 aa-residues
of 9BP-1 was inserted between the BamHI and HindIlI sites of plasmid pQE9 (Qiagen) to make
plasmid pQE9-9BP1-CT526. The full-length rat MUPP1 c¢cDNA from pBSK-MUPP1 (57) was
introduced between either the Sacll and EcoRV sites of plasmid pSL301 (Invitrogen) or the
HindIll and EcoRI sites of CMV expression-plasmid GW1 (British Biotechnology) to create
plasmid pSL301-MUPP1 or GW1-MUPPI, respectively. Plasmid GW1-HAMUPP1 was
derived from GW1-MUPP1 by introducing an HA-epitope tag at the amino-terminus of MUPP1
by PCR methods. Plasmids GW1-HAMUPPIAPDZ7, GW1-HAMUPP1APDZ10, or GW1-
HAMUPP1APDZ7/10 were derived from GW1-HAMUPPI1 by deletion of MUPP1 sequences
coding for either PDZ7 (aa-residues 1166-1232) or PDZ10 (aa-residues 1616-1656), or for both
of these PDZ domains, respectively, by PCR methods.

Plasmids GW1-9ORF1wt, GW1-90ORF1IIIA, GW1-90RF1IIIC, GW1-90ORFI1IIID, or
GW1-18E6 contain the respective wild-type or mutant 9ORF1 (58) or wild-type 18E6 gene

inserted between the HindIIl and EcoRI sites of plasmid GW1. The wild-type 18E6 cDNA was
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also introduced between the HindIIl and EcoRI sites of plasmid pSP64 (Promega) to make
plasmid pSP64-18E6. Substitution of 18E6 valine residue 158 for alanine (18E6-V158A) or
threonine and valine residues 156 and 158 for aspartic acid and alanine (18E6-T156D/V158A), as
well as introduction of an HA-epitope tag at the amino-termini of 18E6, HPV-11 E6 (11E6), rat
DLG (35), and human ZO-1 (63) proteins, were accomplished by PCR methods. Altered E6 and
DLG cDNAs were introduced between the HindIII and EcoRI sites of plasmid GW1 to make
plasmids GWI1-HA18E6, GWI1-HA18E6-V158A, GWI-HAIBE6-T156D/VIS8A, GWI-
HA11E6, and GW1-HADLG, whereas the HAZO-1 ¢cDNA was inserted between the Kpnl and
Bgll sites of plasmid GW1 to make plasmid GW1-HAZO-1. Plasmids pcDNA3-DLG and
pSP64-p53 were described previously (11, 38).

For the construction of glutathione-S-transferase (GST) fusion protein expression
plasmids, cDNA sequences coding for 9BP1-US9/10 (aa-residues 179-251), MUPP1-NT (aa-
residues 1-123), MUPP1-PDZ1-3 (aa-residues 118-504), MUPP1-PDZ4-5 (aa-residues 489-
785), MUPP1-US5/6 . (aa-residues 780-990), MUPP1-PDZ6 (aa-residues 985-1110),
MUPP1-PDZ7 (aa-residues 1105-1312), MUPP1-PDZ8-9 (aa-residues 1307-1611),
MUPP1-PDZ10 (aa-residues 1606-1706), MUPP1-PDZ11 (aa-residues 1701-1830),
MUPP1-PDZ12-13 (aa-residues 1825-2054), 18E6-V158A, and 18E6-T156D/V158A were PCR
amplified and introduced in-frame with the GST gene of plasmid pGEX-2T or pGEX-4T-1
(Pharmacia). pGEX-2T plasmids containing wild-type or mutant E4-ORF1 genes have been
described (59). pGEX-2T plasmids containing wild-type 18E6 and 11E6 cDNAs were kindly

provided by P. Howley.




PCR amplifications were performed with pfu polymerase (Stratagene), and plasmids were
verified by restriction enzyme and limited sequence analyses.
Lambda phage ¢DNA library screening. A DNA fragment from the 9BP-1 ¢cDNA (nts 134-
544) (30) was radiolabeled by the random-priming method (53) and used to screen the mouse
pancreatic cell Agtl1 cDNA library kindly provided by S. Tsai, according to standard methods
(51).
Antisera and antibodies. The 6xHis-tagged 9BP1-CT526, GST-9BP1-US9/10 and GST-
MUPP1-US5/6 fusion proteins were expressed in bacteria and purified with either Ni-NTA
agarose (Qiagen) or glutathione beads (Pharmacia) (48), as recommended by the manufacturers.
Rabbits were immunized with purified 9BP1-CT526 or MUPP1-US5/6 fusion proteins to
generate polyclonal antisera by standard methods (18). The purified GST-9BP1-US9/10 fusion
protein was covalently linked to Affi-Gel 10 beads (BioRad) and used to affinity-purify 9BP-1
antibodies by standard methods (19). Commercially-available HA (12CAS5) monoclonal
antibodies (BABCO), horseradish peroxidase-conjugated goat anti-rabbit IgG or goat anti-mouse
IgG antibodies (Southern Biotechnology Associates), fluorescein isothiocyanate-conjugated goat
anti-rabbit IgG (Gibco BRL), and Texas Red-conjugated goat anti-mouse IgG antibodies
(Molecular Probe; Eugene, OR) were utilized. p53, DLG, and 9ORF1 antisera were described
previously (1, 11, 25).
Transfections and cell extracts. COS7 cells were transfected with lipofectin or lipofectamine
(Gibco BRL) according to manufacturer’s recommendations and harvested 48 h post-transfection.
For preparation of cell extracts, cells were washed with ice-cold PBS (4.3 mM Na,HPO,,

1.4 mM KH,PO,, 137 mM NaCl, 2.7 mM KCl) and either lysed in sample buffer (0.065 M Tris-
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HCI pH 6.8, 2% [w/v]bsodium dodecyl sulfate (SDS), 10% [v/v] B-mercaptoethanol, 0.005%
bromophenol blue) and boiled immediately or lysed for 10 min on ice in RIPA buffer (50 mM
Tris-HCI pH 8.0, 150 mM NaCl, 1% [v/v] Nonidet P-40, 0.5% [w/v] sodium deoxycholate, 0.1%
[w/v] SDS) containing protease inhibitors (300 pg/ml phenylmethylsulfonyl fluoride, 6 pg/ml
each aprotinin and leupeptin) and phosphatase inhibitors (50 mM NaF, 0.1 mM Na;VO,).
RIPA buffer-lysed cells were cleared by centrifugation (14,000 X g, 20 min, 4°C), and protein
concentrations were determined by the Bradford method (47). For crude cell-fractionation
assays, the pellet recovered after centrifugation of RIPA buffer-lysed cells was solubilized in
sample buffer using an equivalent volume as was used originally to lyse the cells in RIPA buffer.
GST pulldown, immunoprecipitation, and immunoblot assays. For both GST pulldown and
immunoprecipitation assays, glutathione- or protein A-sepharose beads (Pharmacia) bound to
GST fusion proteins or antibodies, respectively, were incubated with cell extracts in RIPA buffer
(3 h, 4°C), washed extensively with RIPA buffer, and boiled in sample buffer. Recovered
proteins were separated by SDS-polyacrylamide gel electrophdresis (SDS-PAGE). For each
GST pulldown reaction, 5 pg of each GST fusion protein was used and verified in each
experiment by staining relevant portions of the protein gel with Coomassie brilliant blue dye.
Each immunoprecipitation reaction was carried out with 1 pg or 12 pg of p53 or HA antibodies,
respectively, 1 pl of DLG antiserum, or 5 pl of either 9ORF1, 9BP-1, or MUPP1 antiserum, or
the corresponding matched pre-immune serum.

For immunoblot assays, proteins separated by SDS-PAGE were electrotransferred to a

polyvinylidene fluoride (PVDF) membrane, which was incubated with blocking buffer (TBST




buffer {50 mM Tris-HCI pH 7.5, 200 mM NaCl, 0.2% [v/v] Tween-20} containing 5% non-fat
dry milk) for 1 h, with the appropriate primary antiserum or antibody (1:5000 dilution of either
90RF1, 9BP-1, or MUPP1 antiserum, or 1.2 pg/ml of HA antibodies) for 2 h and, then, with
horseradish peroxidase-conjugated goat anti-rabbit IgG or goat anti-mouse IgG secondary
antibodies (1:5000) (Southern Biotechnology Associates Inc.) for 1 h. Antibodies were diluted in
TBST containing 0.5% non-fat dry milk, and incubations were performed at RT. After extensive
washes in TBST buffer, membranes were developed by enhanced chemiluminescence methods
(Pierce).

Protein blotting assays. Protein blotting assays and preparation of [*’P]-radiolabeled 9ORF1
fusion protein probes were performed as described (59). Briefly, MUPP1 fusion proteins were
separated by SDS-PAGE and electrotransferred to a PVDF membrane. The membranes were
incubated with blocking buffer and, then, with the [*?P]-labeled GST-9ORF1 protein probe (5 X
10° cpm/ml) in TBST (12 h, 4°C), washed extensively with RIPA buffer, and developed by
autoradiography.

In vitro translation and degradation assays. Plasmid pcDNA3-DLG, pSP64-p53, pSL301-
MUPP1, or pSP64-18E6 was transcribed and translated in vitro using the TNT-coupled rabbit
reticulocyte system (Promega) and 10 uCi of [**S]-cysteine (1000Ci/mmol) (Amersham),
according to the manufacturer’s instructions. In vitro degradation assays were performed as
described (11). Briefly, the specified in vitro translation reactions were mixed and incubated at

30°C for the indicated times, and proteins were immunoprecipitated, separated by SDS-PAGE,

and detected by autoradiography.
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Pulse-chase labeling of cell proteins. Transfected COS7 cells were pre-incubated in culture
medium lacking methionine and cysteine for 30 min, metabolically labeled for 10 min with
0.4 mCi EXPRE>S>S [*S] protein labeling mix (New England Nuclear) in 1.5 ml of culture
medium lacking methionine and cysteine and, then, chased with culture medium containing excess
unlabeled methionine (15 mg/L) (2). At various times post-chase, cells were harvested, lysed in
RIPA buffer, and cell proteins were immunoprecipitated with HA antibodies, separated by SDS-
PAGE, and developed by autoradiography. The amount of radioactivity present within each
protein band of interest was quantified using a Storm Molecular Dynamics phosphorimager.

Indirect immunofluorescence microscopy. Indirect immunofluorescence (IF) microscopy
assays were performed by standard methods (17). Cells were grown on glass coverslips, fixed in
methanol for 20 min at -20°C, blocked with IF buffer (TBS {50 mM Tris-HC1 pH 7.5, 200 mM
NaCl} containing 10% goat serum), and reacted first with either pre-immune serum or MUPP1
antiserum (1:500) and, then, with fluorescein isothiocyanate-conjugated goat anti-rabbit IgG
secondary antibodies (1:250) (Gibco BRL). For double-labeling IF experiments, cells on
coverslips were incubated with both MUPP1 antiserum (1:500) and HA monoclonal antibodies
(66 ug/ml) and, then, with both fluorescein isothiocyanate-conjugated goat anti-rabbit IgG (1:250)
(Gibco BRL) and Texas Red-conjugated goat anti-mouse IgG secondary antibodies (1:300)
(Molecular Probe). All antibodies were diluted in IF buffer, and incubations were performed at
37°C. Coverslips with attached cells were rinsed briefly in a 0.5 mg/ml 4, 6-diamidino-2-
phenylinodole solution to stain nuclei and affixed to slides with mounting medium (VectorShield).
Images were collected with a Zeiss Axiophot fluorescence microscope and digitally processed

using the Adobe PhotoShop software.
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Sequence alignment. Pairwise sequence alignments were performed using the Align algorithm
of the BCM Search Launcher web browser (http://dot.imgen.bcm.tme.edu:9331/seq-
search/alignment.html). Mouse, rat, and human MUPP1 sequences (accession numbers

AJ131869, AJ001320, and AJ001319, respectively) were obtained from GenBank.
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Results

9BP-1 and 9ORF1-associated protein p220 have similar characteristics. By screening Agtl1

cDNA expression libraries with a 9ORF1 protein probe, we previously isolated a partial cDNA
coding for the carboxyl-terminal 526 aa-residues of the novel mouse multi-PDZ domain protein
9BP-1 (30). Subsequent re-screening of the same Agtl1 library with a 9BP-1 DNA probe led to
the isolation of a cDNA coding for a larger partial carboxyl-terminal 688 aa-residue 9BP-1
polypeptide that contains five PDZ-homology domains (Fig. 1A).

To assess initially whether 9BP-1 may represent one of the unidentified
90RF1-associated cellular proteins (p220, p180, p160, or p155), we raised polyclonal antisera
to the carboxyl-terminal 526 aa-residues of this partial polypeptide (30). By immunoblot
analysis, two independent 9BP-1 antisera specifically recognized an approximately 250 kD
protein which, in cell lines derived from various species, exhibited slightly different gel mobilities
(Fig. 2A; data not shown). The latter observation presumably reflects species-specific
differences for this polypeptide. More important, 9BP-1 was found to be complexed with
90RF1 in lysates of 9ORF1-expressing cells (see below; data not shown). Additionally,
comparison of the gel mobility of 9BP-1 with that of each 9ORF1-associated protein showed
that 9BP-1 and 9ORF1-associated protein p220 co-migrate and exhibit identical species-specific
gel mobilities (Fig. 2A), suggesting that these proteins are the same.
9BP-1 is the multi-PDZ domain protein MUPP1. From BLAST searches of protein sequence
databases, we subsequently found that the partial mouse 9BP-1 polypeptide exhibits 99%
aa-sequence identity with the carboxyl-terminal region of the 2055 aa-residue mouse multi-PDZ

domain protein MUPP1 (Figs. 1A and 1B), as well as 94% or 82% aa-sequence identity with the
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carboxyl-terminal region of rat MUPP1 (2054 aa residues) or human MUPP1 (2042 aa residues),
respectively (data not shown). MUPP1 is a widely-expressed polypeptide, containing thirteen
PDZ domains and no other recognizable protein motifs, and was isolated by virtue of its ability
to bind the cytoplasmic domain of the 5-HT,¢ serotonin receptor in yeast two-hybrid screens
(57).

To confirm that 9BP-1 and MUPP1 are indeed the same polypeptides, we generated
polyclonal antisera to a unique 210 aa-residue rat MUPP1 region that lies between PDZ5 and
PDZ6 and that lacks sequence similarity with other known proteins (see Fig. 1A). As with the
9BP-1 antisera, these MUPP1 antisera specifically recognized an approximately 250 kD cellular
protein in cell lysates (data not shown) and, in addition, cross-reacted with 9BP-1 protein
immunoprecipitated from human, rat, and mouse cell lines (Fig. 2B).
90RF1 binds MUPP1. We utilized GST pulldown assays to show that the wild-type 9ORF1
protein can bind to MUPP1. In these assays, we found that the GST-9ORF1 fusion protein
bound both to HA epitope-tagged rat MUPP1 (HAMUPP1) transiently expressed in COS7 cells
(Fig. 3) and to endogenous MUPP1 from CREF rat embryo fibroblasts (datavnot shown), as did
GST fusion proteins of the related wild-type adenovirus types 5 and 12 E4-ORF1 transforming
proteins (GST-50RF1 and GST-120RF1, respectively) (60). To assess whether these binding
results with 9ORF1 were specific, we also examined in these same assays three different
transformation-defective 9ORF1 mutant proteins having disrupted (mutant IIIA) or altered
(mutants ITIIC and IIID) carboxyl-terminal PDZ domain-binding motifs (Table 1) (30, 58). With
respect to the residues mutated in 9ORF1 mutants ITIC and IIID, such sequences surrounding the

conserved residues of type [ PDZ domain-binding motifs are known to influence binding to some

14




PDZ domains (50). In GST pulldown assays with the three 9ORF1 mutant proteins, we found
that only mutant IIID was able to bind to MUPP1, albeit at substantially reduced levels
compared to that of wild-type 9ORF1 (Fig. 3). This binding profile of MUPP1 to these 9ORF1
mutants is distinct from that of DLG (30) and, as expected, is identical to that previously
observed for 9ORF1-associated protein p220 (59).

The physical association between 9ORF1 and MUPPI in cells was examined by
performing co-immunoprecipitation assays. From lysates of COS7 cells transiently expressing
HAMUPP1 and either wild-type or mutant 9ORF1 protein, we found that MUPPI
co-immunoprecipitated with wild-type 9ORF1 and with mutant IIID 9ORF1 at reduced levels,
but failed to co-immunoprecipitate with either mutant IIIA or IIIC 9ORF1 (Fig. 4A). Identical
results were obtained for endogenous MUPP1 from CREF cell lines stably expressing
comparable levels of wild-type or mutant 9ORF1 protein (Fig. 4B). These findings with COS7
and CREF cells were fully concordant with the GST pulldown assay results (see Fig. 3). It was
also noteworthy that MUPP1 similarly co-immunoprecipitated with wild-type 9ORF1 from
lysates of an Ad9-induced rat mammary tumor cell line (Fig. 4C). Taken together, the results of
GST pulldown and co-immunoprecipitation assays demonstrated that 9ORF1 utilizes its PDZ
domain-binding motif td mediate a specific interaction with the multi-PDZ domain protein
MUPP1 in cells.
90RF1 binds selectively to MUPP1 PDZ7 and PDZ10. To reveal which of the thirteen
MUPP1 PDZ domains interacts with 9ORF1, we constructed a panel of fusion proteins
containing ten different non-overlapping MUPP1 protein fragments (Fig. 5A), which collectively

represented the entire full-length MUPP1 polypeptide. A similar quantity of each MUPP1
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fusion protein was immobilized on a membrane (data not shown) and blotted with a radiolabeled
90RF1 protein probe. In these experiments, 9ORF1 bound to MUPP1 PDZ7 and PDZ10, but
not to any other region of this cellular protein (Fig. 5B). A functional 9ORF1 PDZ
domain-binding motif was required for these interactions, as a mutant GST-IIIA 9ORF1 protein
probe failed to react with any of the MUPP1 fusion proteins in similar assays (data not shown).
To relate the in vitro binding results to formation of 9ORF1-MUPP1 protein complexes
in cells, we constructed MUPP1 deletion mutants lacking PDZ7 (HAMUPP1APDZ7), PDZ10
(HAMUPP1APDZ10), or both domains (HAMUPP1APDZ7/10) and tested thess MUPPI1
mutants for their ability to co-immunoprecipitate with 9ORF1 from COS7 cell lysates. The
results showed that HAMUPP1APDZ7 co-immunoprecipitated with 9ORF1 at wild-type levels,
that HAMUPP1APDZ10 co-immunoprecipitated with 9ORF1 at slightly reduced levels, but that
HAMUPP1APDZ7/10 failed to co-immunoprecipitate with 9ORF1 in these assays (Fig. 5C).
These findings corroborated our in vitro binding results in showing that, among the thirteen
MUPP1 PDZ domains, only PDZ7 and PDZ10 are capéble of mediating binding of MUPP1 to
90RF1 in vivo.
90RF1 aberrantly sequesters MUPP1 within punctate bodies in the cytoplasm of cells.
Using indirect immunofluorescence (IF) microscopy assays, we sought to ascertain the
subcellular distribution of MUPP1 in normal CREF cells, as well as CREF cell lines stably
expressing wild-type or mutant 9ORF1 protein. In normal CREF cells, we found that MUPP1
displayed mostly diffuse and somewhat perinuclear staining in the cytoplasm, although some

MUPP1 protein was also detected at discrete points of cell-cell contact (Fig. 6A). The latter
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finding is consistent with the observation that PDZ proteins frequently localize to membranes at
specialized regions of cell-cell contact in epithelial cells (8). Because 9ORF1 exists primarily
within punctate bodies in the cytoplasm of cells (61), we reasoned that the subcellular
localization of MUPP1 may be perturbed in 9ORF1-expressing CREF cells. Significantly, in
contrast to results obtained with normal CREF cells, MUPP1 was found to be sequestered
within punctate bodies in the cytoplasm of greater than 95% of CREF cells expressing wild-type
90RF]1 (Fig. 6A), similar to the staining pattern previously observed for 9ORF1. Using a CREF
cell line stably expressing an HA epitope-tagged 9ORF1 protein, we were able to demonstrate
that 9ORF1 and MUPPI1 co-localize within these cytoplasmic bodies (Fig. 6B).

Additional IF assay results indicated that the cytoplasmic sequestration of MUPP1 by
90RF1 depended on an ability of 9ORF1 to complex with this cellular PDZ protein.
Specifically, CREF cell lines expressing 9ORF1 mutants IIIA and IIIC, which fail to bind
MUPP1, showed a MUPP1 staining pattern similar to that seen in normal CREF cells.
Moreover, the CREF cell line expressing 9ORF1 mutant IIID, which exhibits weak binding to
MUPP1, showed some cytoplasmic punctate staining for MUPP1, although substantially less
than that observed in the CREF cell line expressing wild-type 9ORF1 (Fig. 6A). It is worth
mentioning that, similar to the wild-type 90ORF1 protein, these three 9ORF1 mutant proteins
also display punctate staining in the cytoplasm of CREF cells (58).

To corroborate the IF assay results, we performed crude cell-fractionation experiments in
the same CREF cell lines. Following direct lysis in 2% SDS, each cell line was found to express
comparable levels of both MUPP1 and 9ORF1 proteins (Fig. 7A). CREF cell lysates were also

prepared in RIPA buffer and separated by centrifugation into a RIPA buffer-soluble supernatant
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fraction and a RIPA buffer-insoluble pellet fraction. Immunoblot analyses of these two different
fractions with MUPP1 antiserum revealed that wild-type 9ORF1-expressing CREF cells contain
substantially less RIPA buffer-soluble MUPP! protein and concomitantly more RIPA
buffer-insoluble MUPP1 protein than do normal CREF cells (Fig. 7B). The fact that the portion
of MUPP1 protein retained in the RIPA buffer-soluble fraction of the wild-type 9ORF1-
expressing cells could be depleted by quantitative immunoprecipitation of 9ORF1 (Fig. 7C)
indicated that the vast majority of MUPP1 protein in these cells is complexed with 9ORF1.

The redistribution of MUPP1 into the RIPA buffer-insoluble fraction of wild-type
90RF1-expressing CREF cells was also related to the ability of 9ORF1 to bind this cellular
protein because mutant IIIA and IIIC 9ORF1 largely failed to aberrantly redistribute MUPP1 in
CREF cells whereas mutant IIID 9ORF1 retained a reduced capacity to induce this effect
(Fig. 7B). These differences are not likely to be due to the lower amounts of RIPA buffer-
insoluble mutant IITA and IIIC 9ORF1 proteins present in these CREF cells (see Fig. 7B), as
transiently-transfected 293 cells contained equivalent amounts of RIPA buffer-insoluble
wild-type and mutant 9ORF1 proteins but still yielded a pattern of MUPP1 redistribution
similar to that of the CREF cell lines (Fig. 7D). That 9ORF1 redistributed MUPP1 into the
RIPA buffer-insoluble fraction of 293 cells more effectively than it did in CREF cells may be due
to the higher protein levels attained for 9ORF1 and MUPP1 in transient transfections of the 293
cells. Together, the results of IF and crude cell-fractionation assays argued that 9ORF1
aberrantly sequesters MUPP1 within RIPA buffer-insoluble complexes in the cytoplasm of cells.
The high-risk HPV type 18 E6 (18E6) oncoprotein binds MUPP1 and targets this cellular

protein for degradation in cells. Because, like 9ORF1, high-risk HPV E6 oncoproteins also
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possess a functional PDZ domain-binding motif and complex with DLG (28, 30), we next
explored the possibility that such HPV E6 proteins likewise bind to MUPP1. In GST pulldown
assays, the wild-type high-risk 18E6 protein associated both with HAMUPP1 protein expressed
in COS7 cells (Fig. 8) and with endogenous MUPP1 from CREF cells (data not shown). This
binding was specific and dependent on a functional PDZ domain-binding motif because in these
assays the 18E6-VI58A and 18E6-T156D/V158A mutant proteins, which have disrupted
PDZ-domain binding motifs (Table 1), failed to complex with MUPP1 (Fig. 8; data not shown),
as did the wild-type low-risk HPV type 11 E6 (11E6) protein which lacks a PDZ domain-
binding motif (Table 1). It is notable that HPV-16 E6 mutants having functionally disrupted
PDZ domain-binding motifs, like those of 18E6-V158A and 18E6-T156D/V158A, are no longer
able to oncogenically transform rodent fibroblasts (28).

The fact that high-risk HPV E6 oncoproteins promote degradation of several cellular
factors (10, 15, 55), including the tumor suppressor protein p53 (44) and DLG (11), prompted
us to test whether 18E6 has similar effects on MUPP1. Incubation of in vitro-translated
high-risk HPV E6 proteins with p53 leads to degradation of this cellular factor (44), so we first

examined MUPP1 in similar assays. Although 18E6-induced degradation of both p53 and DLG

was more efficient, a modest reduction in MUPP1 protein levels was reproducibly observed

following a 3 h incubation with 18E6 (Fig. 9). This effect was also consistently greater than that

observed in control water-primed in vitro translation reactions.

Whether 18E6 may target MUPP1 for degradation in cells was examined by expressing

HAMUPP1 alone or together with 18E6 in COS7 cells. In these assays, we found that,
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compared to cells expressing MUPP1 alone, cells co-expressing MUPP1 and 18E6 showed

substantially lower steady-state levels of MUPP1 protein (Fig. 10A). Itis important to mention

that this effect is distinct from that seen in the RIPA buffer-soluble fraction of 9ORF]1-

expressing cells (see Figs. 7B and 7D), as MUPP1 was not sequestered within the RIPA buffer-

insoluble fraction of 18E6-expressing cells (data not shown). To produce this effect, 18E6

required a functional PDZ domain-binding motif because mutants 18E6-V158A and
18E6-T156D/V158A, as well as wild-type 11ES6, failed to reduce MUPP1 protein levels in COS7
cells. Additionally, only specific cellular PDZ proteins were affected by 18E6, as 18E6 neither
bound the DLG-related PDZ-protein ZO-1 (Fig. 10B) (63) nor reduced its protein levels in these
cells (Fig. 10C).

To verify that the 18E6-mediated reduction in MUPP1 steady-state protein levels was
due to decreased stability of this cellular protein in cells, we performed pulse-chase experiments
with COS7 cells either expressing HAMUPP1 alone or co-expressing both HAMUPP1 and
18E6. The results showed that MUPP1 protein levels modestly declined after a 6 h chase period
in the absence of 18E6 whereas, in the presence of 18E6, MUPP1 protein levels were more
reduced after only a 3 h chase period (Fig. 11). By quantifying amounts of radioactivity present
in MUPP1 protein bands at each time point, we estimated that the half-life of the MUPP1
protein was shortened from 5.7 h in control COS7 cells to 1.3 h in 18E6-expressing COS7 cells.
This greater than four-fold decrease in the half-life of the MUPP1 protein argues that 18E6

targets this cellular factor for degradation in cells.
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Discussion

The results presented in this paper demonstrate that the widely-expressed multi-PDZ
protein MUPP1 is a direct cellular target for the Ad9 E4-ORF1 oncoprotein (9ORF1), as well as
for the related E4-ORF1 transforming proteins derived from Ad5 and Adl2 (SORF1 and
120RF1, respectively) (Fig. 3). We also showed that interactions between 9ORF1 and MUPP1
are mediated by the carboxyl-terminal PDZ domain-binding motif of 9ORF1 and the PDZ7 and
PDZ10 domains of MUPP1 (Figs.3-5). As 50RF1 and 120RF1 also possess carboxyl-
terminal PDZ domain-binding motifs, these viral proteins likely complex with MUPP1 in a
similar fashion. More important, the fact that transformation-defective 9ORF1 mutants with
altered PDZ domain-binding motifs either fail or have reduced capacities to complex with
MUPP! in cells argues that binding of 9ORF1 to MUPPI1 is critical for 9ORF1-induced
transformation (Figs.3 and4). Our finding that SORF1 associates with MUPP1 in an
Ad9-induced mammary tumor cell line (Fig.4C) further suggests that this interaction also
contributes to Ad9-induced mammary tumorigenesis in rats. With the findings presented in this
paper, 9ORF1 has now been shown to complex with two different cellular PDZ-proteins,
MUPPI1 and DLG (30). As the weakly-transforming 9ORF1 mutants IIIC and IIID bind only
one of these two PDZ proteins whereas the completely transformation-defective 9ORF1 mutant
IIIA fails to bind either PDZ protein, we believe that interaction of 9ORF1 with both MUPP1
and DLG is important for full 9ORF1 transforming activity.

It is also worth noting that we have failed to detect binding of 9ORF1 to several other

cellular PDZ proteins (BG and RJ, unpublished results), suggesting that 9ORF1 interacts with
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only a select group of these cellular factors. We hypothesize that such selective binding of
90RF1 is achieved through sequences surrounding its PDZ domain-binding motif. In this model,
specific amino-acid residues adjacent to the 9ORF1 PDZ domain-binding motif would play
differential roles in mediating binding to each 9ORF1-associated PDZ protein. Consistent with
this idea, 9ORF1 mutant IIIC retains wild-type binding to DLG (30) but fails to bind MUPP1
and, conversely, 9ORF1 mutant IIID fails to bind DLG (30) but retains an ability to bind
MUPPI1 (see Table 1 and Figs. 3 and 4).

The domain structure of MUPP1 suggests that this cellular factor functions as an adapter
protein in signal transduction (57). Moreover, having the largest number of PDZ domains
(thirteen) yet reported in a polypeptide, MUPP1 has the capacity to assemble a large array of
cellular targets into a multitude of different signaling complexes. As further support for a
presumed role in cell signaling, MUPP1 was isolated in yeast two-hybrid screens for its ability to
interact with the cytoplasmic carboxyl-terminal domain of the 5-HT,¢ serotonin receptor (57)
which, in the central nervous system, is implicated in a variety sensory, motor, and behavioral
processes (20). The putative interaction between the 5-HTy¢ receptor and MUPP1 in cells is
suspected to involve a type I PDZ domain-binding motif at the extreme carboxyl-terminus of the
5-HT,c receptor and at least one MUPP1 PDZ domain (57). The fact that overexpression of the
5-HT,c receptor has been shown to confer a transformed state to 3T3 fibroblasts (62) also
suggests a possible link between MUPP1 and signaling pathways involved in regulating cellular
proliferation.

We found that most of the MUPP1 protein in CREF fibroblasts is present within the

cytoplasm, although some MUPP1 protein is also detected at discrete regions of cell-cell contact
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(Fig. 6). Consistent with the notion that MUPP1 functions in signal transduction, PDZ proteins
that have known roles in cell signaling also localize to membranes at regions of cell-cell contact in
epithelial cells (8) and, in some cases, within the cytoplasm (64, 66). With respect to how
MUPP1 may function in cells, studies with the Drosophila MUPP1-related multi-PDZ protein
InaD are likely to provide the most useful paradigm. The polypeptide InaD, consisting of five
PDZ domains, functions to regulate the rhodopsin light-activated signaling pathway in retinal
neurons. Each of the InaD PDZ domains mediates binding to a different signaling protein, among
which include the calcium channel TRP, phospholipase C-3, and protein kinase C. InaD serves
to organize these cellular targets into large signaling complexes and localize them to specialized
cell membranes and, in so doing, allows rapid and efficient activation and deactivation of the light
response (56). Although the PDZ protein-regulated signaling pathways perturbed by 9ORF1 in
cells have yet to be identified, we previously showed that two prominent transformed properties
of 9ORF1-expressing CREF cells in culture are anchorage-independent growth and an ability to
grow to high saturation densities (61). As proliferation of normal cells is inhibited by either
detachment from a substrate matrix or formation of extensive cell-cell contacts (12, 16), one
 intriguing possibility is that 9ORF1 interferes with MUPP1’s ability to regulate cell-growth-
controlling signaling cascades that emanate from these important plasma membrane contact
points.

Among the thirteen MUPP1 PDZ domains, 9ORF1 specifically targets only two of these
domains, namely PDZ7 and PDZ10 (Fig. 5). This selective interaction may serve to block
MUPP1 from associating with cellular targets of these particular domains or, alternatively, to

bring 9ORF1 into close proximity with other MUPP1 cellular targets in order to modify their
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activities. A recently discovered activity for some PDZ proteins is the ability to direct their
cellular targets to the proper location within cells (4, 26, 41, 56). One notable example comes
from studies of vulval development in Caenorhabditis elegans. In this system, LET-23, an EGF
receptor-like protein, must be localized to the basolateral membrane of the vulval epithelial cells
in order for this receptor to associate with its growth factor ligand (27). Three different PDZ
domain-containing proteins LIN-7, LIN-2, and LIN-10, which complex with LET-23, are
responsible for directing this receptor to its proper site in cells (26). Therefore, considering that
90RF1 aberrantly sequesters MUPP1 in the cytoplasm of cells (Figs. 6 and 7), it is reasonable to
assume that 9ORF1 completely abolishes the function of MUPP1 by preventing this PDZ
protein, and its cellular targets, from reaching their proper destinations in the cell.

We also showed that the high-risk 18E6 oncoprotein utilizes a PDZ domain-binding motif
to complex with and promote degradation of the MUPP1 protein in cells (Figs. 8 - 11). Whether
18E6 targets MUPP1 for ubiquitin-mediated, proteasome-dependent proteolysis, as it does for
p53 (43), was not determined. The modest 18E6-induced MUPP1 degradation observed after
mixing in vitro translated proteins (Fig. 9) may indicate that 18E6 utilizes a different mechanism
to degrade MUPP1 than it does to degrade p53 and DLG. Nevertheless, the degradation of
MUPP1 protein that we observed in 18E6-expressing COS7 cells implies that MUPP1 function
is abrogated in cells infected by HPV-18. Because the carboxyl-terminal PDZ domain-binding
motif sequence of high-risk HPV types 31, 39, 45 and 51 E6 proteins is identical to that of 18E6
(30), MUPP1 is also likely to be targeted for degradation by these and probably other high-risk
HPV E6 oncoproteins. Our additional finding that the low-risk 11E6 protein neither binds

MUPP1 nor targets this cellular protein for degradation in cells (Figs. 8 and 10) provides
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additional support for the idea that binding of high-risk E6 proteins to MUPP1 may contribute
to HPV-induced carcinogenesis.

Our results argue that an ability to bind cellular PDZ proteins contributes to the
transforming activities of both the adenovirus E4-ORF1 and high-risk HPV E6 oncoproteins.
With respect to possible roles in the life cycles of adenovirus and HPV, these interactions are
expected to help create an optimal environment for viral replication within infected host cells by
overcoming normal defense mechanisms that block abnormal progression into S phase. Such an
activity is common to the oncoproteins of DNA tumor viruses and is invariably mediated by
their interactions with host cell factors intimately involved in regulating cellular proliferation and
differentiation (36). In this regard, the fact that two unrelated viral oncoproteins, adenovirus
E4-ORF1 and high-risk HPV E6, have both evolved to target the MUPP1 protein in cells
strengthens the hypothesis that interactions with this cellular factor are pertinent to

transformation. It is well known that the Ad5 E1B oncoprotein sequesters the tumor suppressor

protein p53 in cells (46), whereas the unrelated high-risk HPV E6 oncoproteins promote
degradation of this same cellular factor (21). In these examples, functional inactivation of p53 is
the ultimate outcome for these interactions, but the mechanisms by which these viral
oncoproteins accomplish this effect are distinct. Our findings suggest that the adenovirus
E4-ORF1 and HPV E6 oncoproteins likewise inactivate MUPP1 by different mechanisms. This
interesting parallel with the tumor suppressor protein p53, together with the fact that the
PDZ-protein DLG is a putative tumor suppressor protein, hint that MUPP1 may function to

negatively regulate cellular proliferation and, thus, may represent a novel tumor suppressor
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protein. Consequently, revealing the cellular functions for this multi-PDZ domain adaptor
protein may provide new insights into mechanisms that contribute to the development of human

malignancies.
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TABLE 1. Carboxyl-terminal amino-acid sequences of human adenovirus E4-ORF1 and human

papillomavirus E6 proteinsf

Carboxyl-terminal amino-acid sequence

Consensus type I PDZ domain-binding motif

Protein X (S/T) X (V//L)-COOH
wt 9ORF1 A T L \%
IIIA 9ORF1 A P
IIIC 9ORF1 D T L \%
IIID 90RF1 A T P \Y%
wt SORF1 A S N \%
wt 120RF1 A S L I
wt 18E6 E T Q \%
18E6-V158A E T Q A
18E6-T156D/V158A D Q A
wt 11E6 D L L P

*The sequence of the last four amino-acid residues at the carboxyl-terminus of E4-ORF1 proteins
from Ad9 (9ORF1), Ad5 (SORF1), and Ad12 (120RF1), and the HPV-18 E6 (18E6) protein
define a consensus type I PDZ domain-binding motif, whereas the HPV-11 E6é (11E6) protein
lacks such a motif. Also shown are 9ORF1 and 18E6 mutant proteins having altered or disrupted

PDZ domain-binding motifs. Substitution mutations are depicted as bolded amino-acid residues.
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Figure Legends

Fig. 1. The partial mouse protein 9BP-1 represents the carboxyl-terminus of the mouse
multi-PDZ protein MUPP1. (A) PDZ-domain organizations of the partial mouse protein 9BP-1
(688 aa-residues) and the mouse multi-PDZ domain protein MUPP1 (2055 aa-residues). Note
that the domain organization of 9BP-1 is identical to that of the carboxyl-terminal region of
MUPPI. The unique protein region used to generate MUPP1 antisera is indicated. (B) The
partial mouse protein 9BP-1 exhibits 99% amino-acid sequence identity with the carboxyl-
terminal region of the mouse MUPP1 protein (aa-residues 1368-2055). Highlighted sequences
denote PDZ-homology domains. Sequence alignment was performed using the Align Global

Sequence Alignment algorithm from the Baylor College of Medicine Search Launcher Web site.

Fig. 2. 90RF1-associated protein p220 displays similar properties as both 9BP-1 and
MUPP1. (A) 9BP-1 and 90ORFI1-associated protein p220 co-migrate and exhibit identical
species-specific gel mobilities. Proteins from RIPA buffer-lysed mouse 3T3, rat CREF, human
293, and human TE8S cell lines were either immunoblotted with 9BP-1 antiserum (left panel) or
first subjected to a GST pulldown assay with th(; indicated fusion protein and then blotted with a
radiolabeled 9ORF1 pr§tein probe (right panel). For the experiment shown in the left or right
panel, 100 pg or 2.5 mg of cell proteins was used, respectively, and the protein gels were run in
parallel. Asterisks indicate 9ORF1-associated protein p220. (B) MUPP1 antiserum cross-reacts
with 9BP-1 protein derived from several different species. Cell proteins (2.5 mg) in RIPA buffer
from the indicated cell lines were first immunoprecipitated with either 9BP-1 antiserum

(0-9BP-1) or the matched pre-immune serum (pre) and then immunoblotted with MUPP1
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antiserum. Also note that the 9BP-1 protein detected above in (A) (left panel) and the MUPP1

protein detected here exhibited identical species-specific gel mobilities. IP, immunoprecipitation.

Fig. 3. 9ORF1 binds MUPP1 in vitro. GST-9ORF1 binds HA epitope-tagged rat MUPP1
protein (HAMUPP1) expressed in COS7 cells. Cells were lipofected with 4 ug of either empty
GW1 plasmid (vector) or GW1-HAMUPPI plasmid, and cell proteins in RIPA buffer were
either immunoblotted with HA antibodies (left panel) or first subjected to a GST pulldown assay
with the indicated wild-type or mutant E4-ORF1 fusion protein (see Table 1) and then
immunoblotted with HA antibodies (right panel). 100 pg or 1 mg of COS7 cell proteins was

used in the experiment shown in the left or right panel, respectively.

Fig. 4. 9ORF1 complexes with MUPP1 in cells. (A) 9ORF1 complexes with
HA epitope-tagged rat MUPP1 protein (HAMUPP1) expressed in COS7 cells. Cells were
lipofected with 6 pg of GW1-HAMUPP1 plasmid and 2 pg of either empty GW1 plasmid
(vector) or a GW1 plasmid expressing wild-type or the indicated mutant 9ORF1 protein. Cell
proteins in RIPA buffer were either immunoblotted with HA antibodies or 9ORF1 antiserum (lef
panel) or first immunoprecipitated with 9ORF1 antiserum (a:-9ORF1) and then immunoblotted
- with HA antibodies or 9ORF1 antiserum (right panel). 100 pg or 800 ug of cell proteins was
used in the experiment shown in the left or right panel, respectively. (B) 9ORF1 complexes with
endogenous MUPP1 of CREF cells. Cell proteins in RIPA buffer were either immunoblotted
with MUPP1 or 9ORF1 antiserum (upper panel) or first immunoprecipitated with 9ORF1
antiserum or the matched pre-immune serum (pre) (Jower left panel) or, alternatively, with either

MUPP1 antiserum (0.-MUPP1) or the matched pre-immune serum (pre) (lower right panel), and
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then immunoblotted with either MUPP1 or 9ORF1 antiserum. 100 pg, 3 mg, or 3 mg of CREF
cell proteins was used in the experiment shown in the upper, lower left, or lower right panel,
respectively. (C) 9ORF1 complexes with MUPP1 in the Ad9-induced rat mammary tumor cell
line 20-8. This tumor cell line contains a single integrated copy of the entire Ad9 viral genome
(unpublished results). Cell proteins (3 mg) in RIPA buffer were first immunoprecipitated with

either 9BP-1 antiserum (0-9BP-1) or the matched pre-immune serum and then immunoblotted

with either 9ORF1 or 9BP-1 antiserum.

Fig. 5. MUPP1 PDZ7 and PDZ10 mediate binding to 9ORF1. (A) Illustration of the full-length
MUPPI1 polypeptide and ten different MUPP1 GST fusion protein constructs used in protein
blotting assays. (B) 9ORF1 binds MUPP1 PDZ7 and PDZ10 in vitro. Approximately 1 ug of
each indicated MUPP1 GST fusion protein was immobilized on a membrane and protein blotted
with a radiolabeled 9ORF1 protein probe. As a control, the membrane was stained with
Coomassie brilliant blue dye to verify that an equivalent amount of each fusion protein was used
in the experiment (data not shown). (C) A MUPP1 deletion mutant lacking both PDZ7 and
PDZ10 fails to complex with 9ORF1 in COS7 cells. Cells were lipofected with 6 pug of a GW1
plasmid expressing wild-type or the indicated deletion-mutant MUPP1 protein together with
2 ug of either empty GW1 plasmid (vector) or the GW1-9ORF1wt plasmid. Cell proteins in
RIPA buffer were either immunoblotted with HA antibodies (upper panel) or first
immunoprecipitated with 9ORF1 antiserum (0-9ORF1) and then immunoblotted with HA
antibodies or 9ORF1 antiserum (lower panel). 50 pg or 750 ug of cell proteins was used in the

experiment shown in the upper or lower panel, respectively.
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Fig. 6. 9ORF1 aberrantly sequesters MUPP1 within punctate bodies in the cytoplasm of
cells. (A) Determination of the subcellular localization of MUPP1 in normal CREF cells (CREF)
or CREF cell lines stably expressing wild-type (CREF-9ORF1) or the indicated mutant 9ORF1
protein (CREF-IIIA, CREF-IIIC, CREF-IIID). Indirect immunofluorescence (IF) microscopy
assays were performed with either MUPP1 antiserum (e.-MUPP1) or the matched pre-immune
serum (pre). Despite the fact that all of the CREF cell lines expressed similar amounts of
MUPP1 protein (see Fig. 7A), the MUPP1 staining for CREF-9ORF1 cells appeared brighter
than that of the other CREF lines. This effect likely resulted from the large amounts of MUPP1
protein concentrated within the cytoplasmic punctate bodies. Discontinuous cell-cell contact
staining for MUPP1 was most evident in normal CREF cells, and CREF-IIIA and CREF-IIIC
lines, all of which exhibited similar MUPP1 staining patterns. As an example of this cell-cell
contact staining, two adjacent CREF-IIIC cells within the delimited rectangular region are shown
offset at higher magnification. (B) 9ORF1 and MUPP1 co-localize within punctate bodies in the
cytoplasm of CREF cells. Double-labeling IF microscopy assays using both MUPP1 antiserum
and HA antibodies (a-HA) were performed with CREF cells stably expressing HA epitope-
tagged 9ORF1 protein (CREF-HA9ORF1). Each of the three panels shows the identical field
containing the same three cells. The upper left and upper right panels show the MUPP1 and

90RF]1 staining patterns, respectively, whereas the lower panel shows the merged images.

Fig. 7. 9ORF1 aberrantly redistributes MUPP1 into the RIPA buffer-insoluble fraction of
cells. (A) Similar amounts of MUPP1 and 9ORF1 proteins within CREF cell lines stably

expressing wild-type and mutant 9ORF1 proteins. Cell proteins (100 pg) extracted with sample
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buffer were immunoblotted with MUPP1 antiserum or 9ORF1 antiserum. (B) Wild-type
90RF1 specifically redistributes MUPP1 into the RIPA buffer-insoluble fraction of CREF cells.
Cells from the indicated CREF lines were lysed in RIPA buffer and centrifuged to yield a RIPA
buffer-soluble supernatant fraction and a RIPA buffer-insoluble pellet fraction (see Materials and
Methods). Cell proteins from an equivalent volume of either the soluble or insoluble fraction
were immunoblotted with MUPP1 or 9ORF1 antiserum. (C) Most MUPPI protein is
complexed with 9ORF1 in 9ORF1-expressing CREF cells. Cell proteins (3 mg) in the RIPA
buffer-soluble fraction of normal CREF cells or wild-type 9ORF1-expressing CREF cells were
subjected to five serial immunoprecipitations with 9ORF1 antiserum. Relative amounts of

MUPP1 and 9ORF1 protein remaining in this fraction (100 ug of protein) "before" and "after"

performing the serial immunoprecpitations was determined by immunoblot analysis. (D)
Wild-type 9ORF1 also specifically redistributes HA epitope-tagged rat MUPP1 (HAMUPP1)
into the RIPA buffer-insoluble fraction of 293 cells. Cells were lipofected with 1ug of
GWI1-HAMUPP1 plasmid and 3 pg of either empty GW1 plasmid (vector) or a GW1 plasmid
expressing wild-type or the indicated mutant 9ORF1 protein. Cell fractionation assays were
performed as described above in (B), except cell proteins were immunoblotted with

HA antibodies or 9ORF1 antiserum.

Fig. 8. 18E6 binds MUPP1 in vitro. GST-18E6 binds HA epitope-tagged rat MUPP1
(HAMUPP1) exogenously expressed in COS7 cells. Cells were lipofected with 8 pg of GW1-
HAMUPPI plasmid, and cell proteins (250 pg) in RIPA buffer were first subjected to a GST

pulldown assay with the indicated fusion protein and then immunoblotted with HA antibodies.
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Fig. 9. 18E6 promotes degradation of the MUPPI protein in vitro. In vitro translated
MUPP1, DLG, or p53 protein was incubated for the indicated times with a 5-fold to 10-fold
molar excess of in vitro translated 18E6 protein (+) or with an equivalent volume of a
water-primed in vitro translation reaction (-). Proteins from each reaction were subjected to
immunoprecipitation with MUPP1, DLG, or p53 antibodies, respectively, and detected by

autoradiography.

Fig. 10. 18E6 reduces the steady-state levels of MUPP1 protein in cells. (A) 18E6 reduces
the steady-state levels of HA epitope-tagged rat MUPP1 (HAMUPP1) protein expressed in
COS7 cells. Cells were lipofected with 1 pg of GW1-HAMUPPI1 plasmid and 4 ug of either
empty GW1 plasmid (vector) or a GW1 plasmid expressing HA epitope-tagged wild-type or the
indicated mutant 18E6 protein, or expressing HA epitope-tagged wild-type 11E6 protein. Cell
proteins (30 pg) in RIPA buffer were immunoblotted with HA antibodies. (B) 18E6 does not
bind HA epitope-tagged PDZ-protein ZO-1 (HAZO-1). Cells were lipofected with 3 ug of
either empty GW1 plasmid (vector), GW1-HADLG plasmid, or GW1-HAZO-1 plasmid, and
cell proteins in RIPA buffer were either immunoblotted with HA antibodies (leff panel) or first
subjected to a GST pulldown assay with the indicated fusion protein and then immunoblotted
with HA antibodies (right panel). 10 pg or 75 pg of COS7 cell proteins was used in the
experiment shown in the left or right panel, respectively. HADLG was included as a positive
control in these binding assays (30). (C) 18E6 does not reduce HAZO-1 protein levels in COS7
cells. COS7 cells were lipofected with 0.01 pg of GW1-HAZO-1 plasmid and 4 pg of either

empty GW1 plasmid (vector) or a GW1 plasmid expressing HA epitope-tagged wild-type or the
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indicated mutant 18E6 protein. Cell proteins (30 pug) in RIPA buffer were immunoblotted with

HA antibodies.

Fig. 11. 18E6 decreases the half-life of the MUPP1 protein in cells. 5.5 X 10° COS7 cells
were lipofected with 5 pg of empty GW1 plasmid (vector) or 1 ug of GW1-HAMUPP1 plasmid
and 4 pg of either empty GW1 plasmid (HAMUPP1) or the GW1-18E6 plasmid (HAMUPP1 +
18E6). At 24 h post-transfection, cells were pulse labeled and then chased for the indicated times
(see Materials and Methods). Cell proteins (200 pg) were immunoprecipitated with HA

antibodies (a-HA), and HAMUPP1 protein was detected by autoradiography and quantified

with a phosphorimager.
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Figure 4C
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CREF-HA90ORF1 cells

o-MUPP1 a-HA (90RF1

o-MUPP1 + a-HA




sample buffer-lysed cells
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Figure 8

GST pulldown with COS7 extract
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